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 Decomposition has been extensively studied in the presence of insects, however 
the process in the absence of insects has been considerably less documented.  In this 
study, the decomposition process was compared between domestic pig carcasses in the 
presence and the partial and complete absence of insects during three consecutive 
summers.  Fluid was collected from carcasses, from which pH and conductivity were 
measured.  The fluid was analyzed via attenuated total reflectance- infrared spectroscopy 
(ATR-IR) and gas chromatography-mass spectrometry (GC-MS) to examine the fatty 
acid degradation trends, in an attempt to identify potential biomarkers for estimating the 
post mortem interval (PMI).  Tissue was also collected, from which pH was measured 
and fatty acids extracted and analyzed by GC-MS.  All results were compared between 
the carcass groups to investigate the effect of insects on the decomposition process.  
Observations of the physical changes exhibited by the exclusion groups required new 
decomposition stages to be established to better characterize the processes.           
 The fluid analyses indicated that insects influenced the trends observed from the 
pH and conductivity measurements.  The effect of insects on the bands detected by 
spectroscopic analysis was unclear, however GC-MS results demonstrated that insects 
accelerated the rate of hydrogenation when they were present in large numbers; evidence 
of hydrogenation was absent in both exclusion groups.  Tissue pH was also influenced by 
insect activity and significant differences were observed between carcass groups in the 
amount of individual fatty acids detected during the insect activity stages and following 
the advanced decay and dry stages.   
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 Characteristic fatty acids were not identified that would allow them to be used to 
estimate PMI.  Further research investigating the complete lipid degradation process is 
required to establish fatty acids of interest which would aid in establishing accurate and 
objective methods of estimating PMI, to be used in criminal cases.         
Keywords: Forensic chemistry, Decomposition, Decomposition stages, Insect exclusion, 
Decomposition fluid, Soft tissue, Fatty acids, pH, Conductivity, Attenuated total 
reflectance- infrared (ATR-IR) spectroscopy, Gas chromatography- mass spectrometry 
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Decomposition involves the disintegration of soft tissue, eventually leading to 
partial or complete skeletonization.  The sequence of decay remains relatively consistent 
between all carcasses, but the rate at which it occurs is influenced by many interrelated 
variables, of which insects are the most important, when temperature is accounted for.  It 
has been observed that when insects are excluded from the decomposition process, the 
rate of decay is considerably reduced.  To date, only one decomposition study has been 
conducted that has characterized the visible process in the absence of insects; all other 
studies have studied the process in the presence of insects, since this scenario is more 
common in forensic investigations.  However, the physical appearance of decay exhibited 
in these scenarios differs and characterization of decomposition in the partial or complete 
absence of insects is required.  Characterizing decomposition can sometimes provide an 
approximate post mortem interval (PMI), however more robust methods are commonly 
used.  Unfortunately, current methods only have the ability to provide an estimate during 
the early stages of decomposition.  Research into the use of chemical biomarkers, such as 
fatty acids, may provide the means to estimate PMI during the later stages of 
decomposition because they are present in large quantities within the body and are 
degraded during decomposition in a predictable manner.  Soil and soft tissue are the 
common decomposition products investigated for the detection of biomarkers; 
decomposition fluid has not been extensively studied because it is considered to be a 
difficult matrix to work with, so its physical and chemical properties are largely unknown.  
This research investigates the decomposition processes in pig carcasses in the presence 
and absence of insects and the fatty acid degradation profiles obtained from their soft 
tissue and decomposition fluid.  Detecting predictable trends in the fatty acid degradation 
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pathways may provide an objective method of estimating PMI during the later stages of 
decomposition.           
1.1 Decomposition 
 Decomposition begins immediately after cessation of the heart (Goff, 2009) and is 
the process by which soft tissue is degraded, eventually leading to skeletonization of a 
body (Pinheiro, 2006). Tissue can be removed either physically, through the consumption 
by maggots and/or vertebrate scavengers, or chemically, by microorganism-induced 
processes (Benninger, Carter, & Forbes, 2008; Goff, 2009; Janaway, Percival, & Wilson, 
2009; O’Brien, Forbes, Meyer, & Dadour, 2007).  The chemical processes of 
decomposition are governed by autolysis and putrefaction (Benninger et al., 2008; Vass et 
al., 2002).   
Once the heart stops beating, there is a concomitant decrease in oxygen and an 
increase in carbon dioxide in the blood (Vass et al., 2002).  In addition, pH decreases, 
causing cells to lose their structural integrity and wastes accumulate, which poisons cells 
(Vass et al., 2002).  It is at this time that autolysis begins, whereby intra- and extra- 
cellular hydrolytic enzymes begin destroying cells and tissues of the body (Gill-King, 
1997; Janaway et al., 2009; Vass et al., 2002).  This process can be observed from the 
appearance of fluid blisters and skin slippage (Vass et al., 2002).  The partial destruction 
of cellular material facilitates the subsequent bacterially- driven destruction during 
putrefaction (Janaway et al., 2009).   
 Putrefaction is a bacterially- driven process that further acts to destroy the body’s 
tissues (Campobasso, Di Vella, & Introna, 2001; Janaway et al., 2009; Vass et al., 2002).  
Tissues are broken down into gases, including hydrogen sulphide, carbon dioxide, and 
4 
 
methane (by the fermentative action of bacteria), liquids, and simple molecules (Gill-
King, 1997; Vass et al., 2002).  The first visible sign of putrefaction is typically a 
greenish discolouration of the skin, due to the transformation of haemoglobin to 
sulfhemoglobin in settled blood (Gill-King, 1997; Vass et al., 2002).  The associated 
gases which accumulate within the body aid in the transport of sulfhemoglobin through 
veins, giving the body an overall marbled appearance (Pinheiro, 2006).    
1.1.1 Characterizing Decomposition Stages 
In addition to the chemical stages, decomposition is commonly categorized or 
scored to assist in the description of the decomposition process, as well as to aid 
investigators in estimating the post-mortem interval (PMI) of human remains.  The first 
set of stages proposed for the process of decomposition was published by Mégnin in 
1894.  His findings were compiled from over 15 years of working at the Paris morgue 
(Johnston & Villeneuve, 1897).  Eight stages/periods were reported, which described the 
physical condition of the carcasses, the minimum time to reach each stage, and the type of 
insects present on or around the carcasses (Mégnin, 1894).  The emphasis was placed on 
the entomological evidence and it was hypothesized that insects were attracted or repelled 
by the type of remains present throughout the decomposition process (Johnston & 
Villeneuve, 1897).  
Bornemissza (1956) hypothesized that the number of stages of decomposition 
observed for a decaying carcass is mainly dependent on climate and seasonal conditions, 
and that the type of soil beneath decomposing carcasses can also influence the post-
mortem changes, and therefore must be taken into account  (Bornemissza, 1956).  His 
study utilized guinea pigs and was conducted in Perth, Australia, with five stages being 
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described: initial decay, putrefaction, black putrefaction, butyric putrefaction, and dry 
decay (Bornemissza, 1956).  These stages were created based on the physical appearance 
and odours of the carcasses, with no mention of insect activity as indicators of a particular 
stage (Bornemissza, 1956).  Almost a decade later, Payne performed a study using fetal 
pig carcasses and established a set of six stages: fresh, bloat, active decay, advanced 
decay, dry, and remains (Payne, 1965).  These stages were based on observations of 
appearance, odour, and the presence and activity of insects (Payne, 1965).   
Scoring systems have also been established in an attempt to more accurately 
describe decomposition, especially when differential decomposition occurs.  The process 
can be separated into stages but the specific observations are assigned point values to 
better assess the state of decomposition in the head and neck, trunk, and limbs (Megyesi, 
Nawrocki, & Haskell, 2005).  The sum of these values is referred to as the total body 
score (TBS) and thus allows for a more quantitative system of characterizing the 
decomposition process (Megyesi et al., 2005).   
Other researchers choose to establish their own stages and criteria to correlate 
with the changes observed under specific conditions.  Researchers in Spain examined 
forensic cases in attempt to determine a viable, objective method of determining PMI 
(Prieto, Magaña, & Ubelaker, 2004).  The authors utilized six successive phases to 
describe the cadavers: the first four stages described decomposition processes 
(putrefaction, early, advanced, and complete skeletonization) while the other two stages 
described the preservation of cadavers (mummification and saponification) (Prieto et al., 
2004).  However, the earliest phase only allowed for a minimum PMI of eight days to be 
determined, since these were forensic cases and relied on the discovery of cadavers, 
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which was not always immediate (Prieto et al., 2004).   Other researchers investigated 
decay rates in an arid environment, and classified the remains into five major categories: 
fresh, early decomposition, advanced decomposition, skeletonization, and extreme 
decomposition (Galloway, Birkby, Jones, Henry, & Parks, 1989).  The specific climatic 
conditions of the study necessitated the addition of the extreme decomposition stage 
following skeletonization (Galloway et al., 1989). This was required because 
mummification occurred relatively early in the process, which differs from the 
decomposition process in other, less arid, environments.   
The exclusion of insects is another specific environment that requires a revised 
description of decomposition stages.  Payne (1965) created new stages to describe the 
decomposition of fetal pigs in the absence of insects.  These five stages were reported as: 
fresh, bloating and decomposition, flaccidity and dehydration, mummy stage, and 
desiccation and disintegration (Payne, 1965).  The fresh stage began immediately 
following death and ended at the first signs of bloating.  During the second stage, the 
carcasses bloated, became oily and greasy, and fluids purged from the natural orifices.  
Flaccidity and dehydration took place when the carcasses began to deflate, leaving them 
soft and flaccid.  The odours detected were described as being similar to fermenting fruit 
juices.  By the end of this stage, the carcasses were leather-like and all fluids had escaped.  
The mummy stage was characterized by the drying of the carcasses, leaving them dry and 
flat.  Fungi formed on the carcasses, producing a mottled appearance, and the odours were 
described as stale or musty.  During the final stage, the skin of the carcasses ruptured to 
expose tissue and bone (Payne, 1965).  To date, this is the only study that has 
characterized the decomposition process in carcasses decomposing in the absence of 
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insects, presumably because completely excluding insects from decomposition is difficult 
to accomplish.  Much research remains to be conducted regarding the characterization of 
decomposition under conditions which limit or completely exclude insect activity.        
1.1.2 Commonly Used Decomposition Stages   
The stages reported by Payne (1965) are most commonly used (with some 
adaptations) in forensic disciplines (Anderson & VanLaerhoven, 1996; Michaud & 
Moreau, 2010; Sharanowski, Walker, & Anderson, 2008).  The fresh stage is the first in 
the decomposition process, and begins immediately after the heart stops beating (Goff, 
2009). The cessation of the heart will cause blood to drain to the lower parts of the body, 
under gravity, creating a discolouration of the body, commonly termed livor mortis (Goff, 
2009; Janaway et al., 2009; Vass et al., 2002).  Shortly after death, the muscular tissue 
will become rigid and incapable of contraction, known as rigor mortis (Gill-King, 1997; 
Goff, 2009; Janaway et al., 2009).  Finally, the body will begin to lose heat to the 
surrounding environment, resulting in an overall cooling, called algor mortis (Goff, 2009; 
Janaway et al., 2009; Vass et al., 2002).  
Oxygen will become depleted during this stage, which will promote an ideal 
environment for anaerobic microorganisms to proliferate, leading to the onset of autolysis 
(Clark & Worrell, 1997). These anaerobic organisms, originating in the gastrointestinal 
tract and respiratory system, will begin to transform carbohydrates, lipids, and proteins 
into organic acids (e.g.: propionic and lactic acids) and gases (e.g.: methane, hydrogen 
sulphide, and ammonia) (Clark & Worrell, 1997; Gill-King, 1997).  Blowflies and flesh 
flies will be the first carrion insects to arrive, and will seek suitable oviposition sites, 
typically in natural orifices or open wounds (Goff, 2009; Payne, 1965).     
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During bloat, anaerobic metabolism takes place (putrefaction). This leads to the 
accumulation of gases, which creates an overall bloated appearance of a cadaver 
(Benninger et al., 2008; Goff, 2009).  This is mainly evident by the distension of the 
abdomen (Payne, 1965) and the raised nature of the limbs, which are no longer in a 
relaxed position, characteristic of the fresh stage (Michaud & Moreau, 2010).  As the 
pressure of the gases within the body increases, fluids will be forced to escape from 
natural orifices, such as the nose, mouth, and anus, and enter the surrounding environment 
(Carter & Tibbett, 2008).     
Maggots will have hatched and begun to feed on the body’s tissues during this 
time (Payne, 1965).  Maggot activity, which will mainly be confined to natural orifices 
and masses under the skin, will cause skin slippage and the detachment of hair (Janaway 
et al., 2009).  In addition, maggot feeding, in combination with the accumulation of gases 
within the body, will eventually lead to post-mortem skin ruptures, which will further 
allow the purging of gases and fluids into the surrounding environment (Goff, 2009).  
These ruptures will allow oxygen to re-enter the body, and provide more surface area for 
the development of fly larvae and the activity of aerobic microorganisms (Carter & 
Tibbett, 2008).  The purging of gases and fluids will also result in strong, distinctive 
odours of decay (Goff, 2009; Payne, 1965).   
Active decay is characterized by the period of greatest mass loss, resulting from 
the voracious feeding of maggots, which removes most of the soft tissue (Michaud & 
Moreau, 2010), as well as from the purging of fluids into the surrounding environment 
(Carter & Tibbett, 2008).  The purged fluids will accumulate around the body, and create 
a cadaver decomposition island (CDI) (Benninger et al., 2008).  Liquefaction of tissues 
9 
 
and disintegration become apparent during this time and strong odours persist (Goff, 
2009; Payne, 1965).  The end of active decay is signalled by the migration of maggots 
away from the body to pupate (Goff, 2009). 
During advanced decay, decomposition is largely inhibited, due to the loss of 
readily available cadaveric material (Carter & Tibbett, 2008).  As such, insect activity 
will be reduced (Goff, 2009; Janaway et al., 2009; Michaud & Moreau, 2010).  If the 
carcass is located on soil, the surrounding area will show evidence of dead vegetation 
(Carter & Tibbett, 2008).  The CDI surrounding the carcass will display an increase in 
soil carbon, nutrients (such as phosphorus, potassium, calcium, and magnesium), in 
addition to a significant increase in soil nitrogen (Vass, Bass, Wolt, Foss, & Ammons, 
1992).   
An indicator for the beginning of the dry stage may be the resurgence of plant 
growth around the CDI, meaning that the nutrients present in the surrounding soil have 
not yet returned to their normal levels (Carter & Tibbett, 2008).  All that will remain of 
the cadaver at this stage will be dry skin, cartilage, and bones (Michaud & Moreau, 2010; 
Payne, 1965).  The onset of the remains stage is often difficult to detect; only hair, skin, 
bones, and teeth will persist (Payne, 1965), which will become dry and bleached if 
exposed to the elements (Janaway et al., 2009).   
Decomposition stages currently published in literature, although commonly 
utilized by researchers, cannot always accurately describe decomposition occurring under 
varying conditions.  Conditions which alter the rate and process of decomposition, as well 
as cause differential decomposition, complicate the characterization of stages.  Although 
Payne (1965) outlined stages for carcasses decomposing in the presence, as well as the 
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absence of insects, stages need to be established for carcasses which may be partially 
colonized by insects, but which largely exclude them throughout decay.  This type of 
decay may occur when bodies are disposed of in enclosed environments that largely 
inhibit entry by insects, for example: in a plastic storage container, suitcase (Rush, 
Findlay, & Casey, 2012), hockey bag (Kleiss, 2008), large garbage bin (Kari, 2007; King, 
2010), metal oil drum (Cooper, 2010), or sealed cupboards.  Bodies placed in 
environments with climatic conditions which do not favour insect activity, such as during 
cool seasons (i.e. autumn in temperate climates) or in environments at high altitudes, may 
limit insect activity.  Finally, colonization of insects may also be delayed when bodies are 
wrapped or concealed, for example: wrapped in blankets (Goff, 1992), carpet, plastic 
tarps or drop sheets (Kleiss, 2008), or covered in concrete (Cooper, 2010).   
1.2 Factors That Influence the Rate of Decay 
In general, all bodies follow the same basic sequence of decay (Janaway et al., 
2009), however the rate at which decomposition occurs varies between bodies as a result 
of many interrelated variables (Mann, Bass, & Meadows, 1990).  The rate of post-mortem 
decay is influenced by both intrinsic factors (variables concerning the corpse itself) and 
extrinsic factors (variables in the external environment) (Campobasso et al., 2001).  
Intrinsic factors include age, amount of body fat, cause of death, and integrity of the 
corpse (Campobasso et al., 2001).  Studies have observed that infant corpses can 
decompose three to five times faster than adult corpses (Catts & Goff, 1992) and the 
patterns of decomposition differ from those of adults.  It is believed that the differences 
are caused by the smaller body size, differences in bone composition, (Crist, Washburn, 
Park, Hood, & Hickey, 1997), and smaller populations of gut flora (Archer, 2004).  It was 
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initially believed that obese bodies decompose faster than leaner bodies, because 
liquefaction promotes rapid mass loss of body fats (Mann et al., 1990).  However, a more 
recent study observed that smaller carcasses decompose faster than larger carcasses 
(Simmons, Adlam, & Moffatt, 2010).  The authors predicted that the slower 
decomposition observed among the large carcasses could be explained by the greater 
amount of cadaveric material that insects need to consume and the greater volume of 
insects it can accommodate (Simmons, Adlam, et al., 2010).   
Examples of extrinsic factors include ambient temperature, ventilation, and air 
humidity (Campobasso et al., 2001).  Temperature is believed to have the greatest impact 
on the rate of decay (Catts & Goff, 1992; Mann et al., 1990; Vass et al., 1992; Vass et al., 
2002).  During cold or freezing weather, the process is greatly reduced, if not halted 
completely (Mann et al., 1990), while increased temperatures accelerate the process 
(Archer, 2004).  It is assumed that temperature has such a large influence on the rate of 
decay because it will influence insect and microbial activity and their role in the decay 
process (Campobasso & Introna, 2001; Goff, 2009; Vass et al., 1992).  It has been 
observed that insects play an important role in decomposition and when they have limited 
access to bodies, such as when there is rainfall or when bodies are buried, the process is 
greatly slowed (Campobasso et al., 2001; Catts & Goff, 1992; Mann et al., 1990; 
Marchenko, 2001).  Similarly, scavengers may remove large portions of soft tissue or 
cause destruction of the body, which will also contribute to more rapid decay rates (Mann 
et al., 1990; O’Brien et al., 2007).   
In a study performed by Simmons, Adlam, and Moffatt (2010), the authors 
assimilated decomposition data from a variety of published and unpublished studies and 
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attempted to transform the data to more accurately compare results between studies.  
They found that they were able to eliminate a number of variables believed to influence 
the rate of decay, such as penetrating trauma, body size, and body fat percentage 
(Simmons, Adlam, et al., 2010).  They concluded that the variable that had the most 
significant effect on decomposition (when temperature was accounted for), was the 
presence or absence of insects, with their presence leading to increased rates (Simmons, 
Adlam, et al., 2010).   
 Few studies have been conducted in which the exclusion of insects has been 
studied on decomposing carcasses.  The first study was conducted by Payne, in 1965, 
where he compared the decomposition processes of fetal pigs that were exposed to insects 
with those where insects are restricted.  He observed that the pigs decomposed in the 
absence of insects at a much slower rate than the pigs which were readily colonized 
(Payne, 1965).  He determined that insects must accelerate the liquefaction and 
disintegration of soft tissue by distributing the available bacteria throughout the carcass 
(Payne, 1965).  A more recent study testing the effects of insect exclusion also found that 
decomposition is greatly slowed and hindered when insects are not free to colonize 
carcasses.  The authors concluded that access of insects had the greatest influence on the 
rate of decomposition (Simmons, Cross, Adlam, & Moffatt, 2010).  
1.3 Estimating the Post-Mortem Interval 
Forensic taphonomy is a multidisciplinary field that investigates the history of a 
body after death, by investigating the post-mortem environments and the factors that 
influence the preservation and degradation of human remains and other evidence 
(Haglund & Sorg, 1997).  One of the primary goals of forensic taphonomy is to estimate 
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the post-mortem interval (PMI) (Haglund & Sorg, 1997; Megyesi, Nawrocki, & Haskell, 
2005; Vass, Bass, Wolt, Foss, & Ammons, 1992).  An accurate estimation, or 
determination, of PMI is of utmost importance in criminal investigations, since it can help 
identify potential suspects and aid in the identification of the deceased (Catts, 1992).  
Unfortunately, however, there are few scientific methods that allow for accurate, 
objective measurements of PMI information (Vass et al., 2002).  PMI is typically 
estimated through the cooperation of trained scientists, who provide information based on 
experience and opinion (Vass et al., 2002).     
1.3.1 Early Post-Mortem Period 
During the early post-mortem period, a pathologist will be tasked with estimating 
time since death, based on post-mortem changes in soft tissue, that include rigor, livor, 
and algor mortis (Amendt et al., 2007; Vass et al., 2002).  Unfortunately, the sequence of 
these changes is highly influenced by a variety of factors (i.e.: intrinsic and extrinsic 
factors), and these methods are often unreliable and inaccurate (Amendt et al., 2007).   
To eliminate the subjective determination of PMI, pathologists will often use the 
biochemical method of determining potassium ion (K
+
) and hypoxanthine (Hx) 
concentrations in the vitreous humor (Swann, Forbes, & Lewis, 2010b), as it is considered 
the most accurate method of determining PMI prior to putrefaction (Coe, 1993).  The 
vitreous humor is the fluid that fills the posterior chamber of the eye (Swann, Forbes, et 
al., 2010b).  It is the fluid of choice because it is anatomically confined (allowing for 
reduced bacterial contamination, enzymatic activity, and putrefactive changes), post-
mortem biochemical changes occur more slowly within it, compared to other body fluids, 
and it is easily accessed and sampled (Coe, 1993).  Further, autolysis proceeds the slowest 
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in vitreous humor, compared to blood and cerebrospinal fluid, allowing vitreous humor 
concentration gradients to be of use up to 120h post-mortem (Madea, 2005).  This is 
longer than blood (a few hours after death) and cerebrospinal fluid (15-20h post-mortem) 
(Madea, 2005).  However, to date, there is no reliable method or equation to determine 
PMI using either potassium or hypoxanthine concentrations collected from the vitreous 
humor (Muñoz et al., 2001; Swann, Forbes, et al., 2010b).   
The methods used by forensic pathologists are only applicable during the early 
post-mortem period, typically during the first few days following death, before 
putrefaction begins.  After a period of several days, entomological evidence associated 
with the corpse is the most commonly employed method in estimating the PMI up to a 
period of several weeks or months (Amendt et al., 2007; Anderson & VanLaerhoven, 
1996; Campobasso & Introna, 2001).     
1.3.2 Entomological Data 
Forensic entomology, defined as the use of insects and other arthropods in 
medico-criminal investigations, (Amendt et al., 2007; Catts & Goff, 1992) has become a 
very important area of study in forensic science, particularly for estimating PMI.  There 
are typically four ecological categories within a carrion community.  These include: 1) 
necrophagous species, which feed on the carrion; 2) predators and parasites, which feed 
on other insects or arthropods; 3) omnivorous species, which feed on both the corpse and 
the colonizers; and 4) incidentals, which use the corpse as an extension of their 
environment (Campobasso et al., 2001; Catts & Goff, 1992).  In forensic entomology, the 
first two categories are the most important and are dominated by flies (Diptera) and 
beetles (Coleoptera) (Catts & Goff, 1992; Shean, Messinger, & Papworth, 1993).  
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Blowflies are typically the first colonizers of a body and are attracted to the odours 
produced during decomposition (Archer & Elgar, 2003) and can detect the presence of a 
decomposing carcass based on its scent plume (Janaway et al., 2009).  They are attracted 
to decomposing carcasses because they serve as suitable locations for oviposition, with 
natural orifices and wounds being the most attractive sites (Archer & Elgar, 2003).    
Forensic entomology is of use in criminal investigations for various reasons.  
Insects can help determine whether a body was moved (Shean et al., 1993) and establish 
the association of suspects with the death scene.  They can also indicate the manner and 
cause of death, for example, by establishing the locations of perimortem wounds, such as 
those caused by stabbing or gunshot.  Finally, chemical analyses on insects can determine 
whether the use of drugs was involved (Campobasso & Introna, 2001).  However, the 
most useful application of forensic entomology is the estimation of PMI, the time 
between death and discovery of a body (Catts & Goff, 1992).  The estimation of a PMI in 
cases of suspicious deaths is a vital component of investigators’ abilities to: reconstruct 
events and circumstances of the death, link a suspect to the victim, and establish the 
credibility of statements made by witnesses (Amendt et al., 2007).    
Insects are ubiquitous in nature and can easily and quickly access carcasses 
deposited in outdoor environments (Janaway et al., 2009).  The first wave of insects will 
be specifically attracted to moist, natural orifices, open wounds, and exposed blood, 
where they will both feed and oviposit (Catts, 1992).  Following the initial carrion 
species, different species of insects will be attracted to the varying volatile compounds 
and decaying matter present throughout the decomposition process (Anderson & 
VanLaerhoven, 1996; Archer & Elgar, 2003).  Carrion species will therefore visit the 
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carcass in a successive, predictable sequence in a given environment (Anderson & 
VanLaerhoven, 1996; Catts, 1992; Marchenko, 2001).       
Insects collected from a crime scene can help estimate a minimum PMI, because 
although insects rapidly colonize corpses, they may not have gained immediate access to 
the body (Catts & Goff, 1992; Catts, 1992).  There are two ways in which entomological 
data can be used to estimate PMI.  Firstly, during the early stages of decomposition, the 
estimate is based on the length of time required for each species to develop to the oldest 
growth forms collected at the scene, since these are assumed to have been the first 
colonizers of the corpse (Amendt et al., 2007; Catts & Goff, 1992).  During the later 
stages of decomposition, the estimate is based on the composition of the arthropod 
community, as it relates to successional patterns, because carrion insects visit corpses in a 
predictable sequence, based on geographic location (Amendt et al., 2007; Anderson & 
VanLaerhoven, 1996; Catts & Goff, 1992).   
1.3.3 Chemical Biomarkers 
Although the use of forensic entomology in estimating PMI is widely accepted, 
when insects have limited or no access to decomposing carcasses, their use in estimating 
PMI poses a problem.  This is one of the reasons that research into the use of chemical 
biomarkers as a means of estimating PMI has become important.  Their use can help 
eliminate examiner bias (Swann, Forbes, & Lewis, 2010c) and allow analyses via 
scientific methods to provide more reliable, objective means of estimating PMI during 
both the early and late stages of decomposition.   
Living matter is primarily composed of water, along with other organic 
compounds, which include: carbon, hydrogen, oxygen, nitrogen, phosphorus, and sulphur 
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(Campbell & Farrell, 2006).  The combination of these compounds yields the four main 
macromolecules which are the building blocks of biological specimens: nucleic acids, 
carbohydrates, proteins, and lipids (Campbell & Farrell, 2006).  Decomposition involves 
complex reactions that result in the chemical breakdown of the body’s macromolecules 
(Swann, Chidlow, Forbes, & Lewis, 2010; Vass et al., 2002) into their constituent 
components: phosphate and sugars, glucose, amino acids, and fatty acids (Campbell & 
Farrell, 2006).  It is believed that these processes occur in a predictable sequence that can 
be used to temporally predict products during decomposition, and thus have the potential 
to be used as chemical biomarkers that can aid in the estimation of PMI. 
Few studies have investigated the detection and/or the degradation pathways of 
macromolecules throughout decomposition, but those that have predominantly focused on 
lipids and fatty acids (Notter, Stuart, Rowe, & Langlois, 2009; Swann, Forbes, et al., 
2010c).  Lipids and fatty acids have been shown to be stable in decomposition 
environments, especially when adipocere is concerned (Forbes, Stuart, & Dent, 2002; 
Forbes, Stuart, & Dent, 2005; Stuart, Craft, Forbes, & Dent, 2005; Stuart, Forbes, Dent, & 
Hodgson, 2000; Swann, Forbes, et al., 2010c).  The persistence of lipids and fatty acids 
has been further demonstrated by their detection in tissue collected from mummies 
(Bereuter, Mikenda, & Reiter, 1997; Makristathis et al., 2002).   
Fatty acids have also been investigated in bacteria from the surrounding 
environment during decomposition, although this work has been limited (Breton, 2013).  
Further, it is known that insects contain fatty acids (Barlow, 1964; Fast, 1966; 
Gołębiowski, 2012; Gołębiowski et al., 2012; Stanley-Samuelson & Dadd, 1983) and it is 
unknown what contribution they make to the fatty acid levels of decomposing carrion.  
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This has thus promoted more research into the fatty acid levels in decomposition 
products, such as soil and tissue.   
Studies investigating the potential use of chemical biomarkers in decomposition 
products have focused on their detection in soil solution, soft tissue, and more recently, 
decomposition fluid.  Microbially-produced volatile fatty acids (VFA) and anions and 
cations were first examined by Vass et al. (1992) in soil solution collected from 
underneath decomposing carcasses.  When the inherent soil moisture and individuals’ 
weights were accounted for, the authors were able to consistently detect several ion and 
VFA ratios correlating with specific accumulated degree days (ADD) (Vass et al., 1992).  
It was recognized that the VFAs were formed and released by decomposing carcasses in a 
temperature-dependent pattern which correlated well with specific decomposition stages 
(Vass et al., 1992).  In addition, the compounds remained biologically active and 
detectable for considerable lengths of time, allowing them to be applicable to later stages 
of decomposition, thus lending to their potential use in estimating PMI (Vass et al., 1992).    
A later study conducted by Vass et al. (2002) detected specific amino acids, 
amines, and neurotransmitters in several organs of decomposing carcasses.  The findings 
reported that the compound with the greatest potential to be used as a PMI indicator was 
oxalic acid (Vass et al., 2002).  Oxalic acid was able to be detected during the early stages 
of decomposition, consistently throughout the decomposition process, and was detected in 
all tissues that were investigated (heart, brain, kidney, liver, and muscle) (Vass et al., 
2002).  Additionally, gamma-aminobutyric acid (GABA), proline, and methionine were 
found to be important potential indicators of PMI (Vass et al., 2002).  The authors also 
observed that certain tissues yielded better results at different times throughout 
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decomposition; for example, the liver was most diagnostic in early decomposition as well 
as throughout the process, the brain was only useful during early decomposition, the heart 
provided intermediate information, and the kidney and muscles were diagnostic during 
the later stages of decomposition (Vass et al., 2002).  
Most recently, a study was conducted to detect short chain VFAs and long chain 
fatty acids in decomposition fluid collected from pork belly, piglets, and adult pig 
carcasses, in the absence of a soil matrix (Swann, Forbes, et al., 2010c).  The short chain 
VFAs detected in pork belly increased until experimental day 15 and then decreased for 
the remainder of the study, while the long chain fatty acids displayed eight day cycles, 
most likely influenced by fly activity, the feeding of maggots, and the adipose tissue 
content (Swann, Forbes, et al., 2010c).  This is significant, since it indicates that fatty 
acids may be degraded in a predictable manner.  However, no trends were observed in the 
VFA ratios detected from the piglets (Swann, Forbes, et al., 2010c).  All target short chain 
VFAs were detected from the fluid collected from adult pigs, which displayed cyclic 
trends, and levels of oleic, stearic, palmitic, and linoleic acids increased with time until 
collection was halted (Swann, Forbes, et al., 2010c).  Unfortunately, the combined results 
did not indicate that the biomarkers detected would prove useful in PMI estimations 
(Swann, Forbes, et al., 2010c).  More research is therefore needed to determine the utility 
of fatty acids as chemical biomarkers in criminal investigations.     
The biomarkers investigated thus far throughout decomposition, specifically 
VFAs, have yet to be validated with a statistically sound and robust method for estimating 
PMI (Swann, Forbes, et al., 2010c).  Much work remains to be conducted on 
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decomposition products to detect biomarkers that can reliably and accurately contribute to 
PMI estimations.    
1.4 Lipids in the Body 
The human body consists of approximately 64% water, 20% protein, 10% fat, 1% 
carbohydrate, and 5% minerals (Janaway et al., 2009).  The processes that take place 
during decomposition work in tandem to liquefy and disintegrate tissue, leaving behind 
skeletal remains (Janaway et al., 2009).  The degradation of soft tissue is characterized by 
the breakdown of these macromolecules, and thus a large proportion of the decomposition 
products should reflect the amount of protein and fat initially present in the body (Dent, 
Forbes, & Stuart, 2004; Swann, Forbes, et al., 2010b).  However, the details of the 
biochemical pathways involved in the breakdown of each macromolecule have yet to be 
examined in detail.   
Adipose tissue in particular, occupies 15% of the body (Kagawa, Matsubara, & 
Kimura, 1996) and is composed of approximately 5-30% water, 2-3% protein, and 60-
85% lipids, 90-99% of which are triglycerides (Reynold & Cahill, 1965).  In addition to 
their contribution to adipose tissue, lipids are also important components of cell 
membranes (Campbell & Farrell, 2006).  They can be classified into one of two groups, 
the first of which consists of open-chain compounds with polar head groups and long 
non-polar tails, such as fatty acids, triglycerides, sphingolipids, phosphoglycerides, and 
glycolipids.  In contrast, the second group consists of fused-ring compounds, commonly 
termed steroids (Campbell & Farrell, 2006).  Fatty acids are composed of a carboxyl 
group, which is polar, and a hydrocarbon tail, which is non-polar (Campbell & Farrell, 
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2006).  The fatty acids that are found within humans typically consist of chains with an 
even number of carbon atoms and are unbranched (Campbell & Farrell, 2006).   
Triglycerides (TGs) are a major component of the fat in adipose tissue and provide 
the means of storing fatty acids (Campbell & Farrell, 2006).  They are composed of a 
glycerol molecule, which contains three hydroxyl groups that form ester linkages with 
fatty acids (Campbell & Farrell, 2006) (Figure 1.1).  When there are only two fatty acids 
attached to the glycerol molecule, it is termed a diglyceride, and similarly, when only one 
is attached, it is called a monoglyceride (Lawson, 1985).  Any fatty acid that does not 
form an ester linkage to a glycerol molecule is referred to as a free fatty acid (Lawson, 
1985).   Phospholipids (PLs) have a similar composition to triglycerides, but instead of 
having three carboxyl groups, one is replaced with a phosphoric acid molecule which also 
has an ester bond with an alcohol attached (Campbell & Farrell, 2006).  These molecules 
are the main components of biological lipid bilayers (Campbell & Farrell, 2006) (Figure 








When there are double bonds in the hydrocarbon chain, the fatty acid is 
considered to be unsaturated (UFA), and when there are only single bonds, it is referred to 
Figure 1.2. Biological lipid bilayer composed 
of phospholipids (Campbell & Farrell, 2006) 
Figure 1.1 Example of a 




as being a saturated fatty acid (SFA) (Lawson, 1985).  A fatty acid containing only one 
double bond is referred to as a monounsaturated fatty acid (MUFA), while those 
consisting of multiple double bonds are referred to as polyunsaturated fatty acids (PUFA) 
(Lawson, 1985).  The dominant fatty acids found in adipose tissue include oleic, linoleic, 
palmitoleic, and palmitic acid (Forbes, 2008).  However, the following six fatty acids 
consistently account for over 90% of the fatty acids in tissue: monounsaturated oleic 
(C18:1), saturated palmitic (C16:0), polyunsaturated linoleic (C18:2 ),  monounsaturated 
palmitoleic (C16:1), saturated stearic (C18:0), and saturated myristic (C14:0) acids (Calder, 
Harvey, Pond, & Newsholme, 1992; Hirsch, Farquhar, & Ahrens, 1960; Insull & Bartsch, 

































Figure 1.3. Fatty acids that account for over 90% of adipose tissue 
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Variations in adipose tissue content have been observed within subjects (Hegsted, 
Jack, & Stare, 1962), but little differences have been observed in the lipid content 
sampled from subcutaneous or deep sites (Field, Angel, & Clandinin, 1985).  Significant 
differences between individuals, however, have been observed, which have been most 
significant in the levels of linoleic acid, and relatively significant in oleic, palmitoleic, 
and stearic acids (Hegsted et al., 1962).  Further, differences within population groups 
have been detected, although the mean values for most of the fatty acids are similar 
between population groups (Hegsted et al., 1962).  Among the adult population, age, 
gender, and race appear to play minor roles in the fatty acid content of adipose tissue 
(Beynen, Hermus, & Hautvast, 1980; Heffernan, 1964; Hudgins & Hirsch, 1991; Insull & 
Bartsch, 1967).  Alternatively, it is believed that approximately 25% of the variance 
observed in adipose tissue between individuals can be accounted for by their dietary 
habits (Hegsted et al., 1962; Plakké, Berkel, Beynen, Hermus, & Katan, 1983).  However, 
the half-life of adipose tissue fatty acids in humans is approximately 600 days and so the 
fatty acid profile of a given individual will only reflect the average fatty acid composition 
of their diet over a period of about three years (Hirsch et al., 1960).    
1.4.1 Lipids in Porcine Adipose Tissue  
 The fatty acid content of porcine adipose tissue has been investigated in both the 
fields of forensic and meat sciences (the food industry).  In forensic science, pigs are 
often used as human models in decomposition studies when the use of human tissue is not 
permitted.  It is therefore important to determine whether the distribution of fatty acids in 
adipose tissue is comparable between pigs and humans.  The profiles of human and pig 
adipose tissue have been reported to be very similar, however pig adipose tissue is 
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dominated by saturated fatty acids (Notter et al., 2009), with palmitic, stearic, and oleic 
acids contributing over 90% of the acids in tissue (Anderson, Bottino, & Reiser, 1970).  
The adipose tissue of humans, however, is dominated by unsaturated oleic, linoleic, and 
palmitic acids (Calder et al., 1992; Hirsch et al., 1960; Kagawa et al., 1996; Krut & 
Bronte-Stewart, 1964; Malcom et al., 1989).  This high proportion of saturated fatty acids 
in porcine adipose tissue is especially true in obese swine (Scott, Cornelius, & Mersmann, 
1981).   However, these results may be biased, based on where the adipose tissue from 
pigs is collected and the diet of the animal.  It has been observed that the degree of 
unsaturation in porcine fat deposits follows a negative gradient from the outside inwards 
(Anderson, Bottino, & Reiser, 1970; Monziols, Bonneau, Davenel, & Kouba, 2007).   
In a study that compared the fatty acid content between humans and pigs, the 
authors found that the concentrations were significantly different (Notter et al., 2009).  
Stearic acid concentrations were significantly higher in pigs than in humans, while 
palmitic, linoleic, and lauric (C12:0) acids were significantly higher in humans (Notter et 
al., 2009).  While the specific fatty acids (palmitic, stearic, oleic, and linoleic acids) were 
the same between pigs and humans, the relative concentrations of each were different, 
which can affect their chemical profiles during decomposition (Notter et al., 2009).  
Therefore, caution should be used when extrapolating results obtained from the use of 
swine carcasses to real forensic cases.   
1.4.2 Effect of Diet on Tissue Lipids 
Mean fatty acid content of adipose tissue has been observed to correlate well with 
the mean dietary intake of fatty acids (Plakké et al., 1983) and the amount and type of 
fatty acids from the diet can affect both the structural and stored lipids in adipose tissue 
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(Field et al., 1985).  However, the fatty acid composition of adipose tissue does not 
accurately reflect the dietary intake of fatty acids (i.e. the relationship is not directly 
correlated), although it is highly influenced by it (Garland et al., 1998; Hegsted et al., 
1962; Summers et al., 2000).  This is, in part, due to the number of metabolic steps 
involved in the uptake of dietary fatty acids, which involves: absorption in the small 
intestine, incorporation into chylomicron TGs (lipoprotein particles that transport dietary 
fatty acids from the intestines to other locations (Campbell & Farrell, 2006)), hydrolysis 
of those TGs, and uptake of fatty acids into adipocytes (Summers et al., 2000).  Further, 
the fatty acids available for incorporation into adipose tissue depend not only on diet, but 
also on the amount and type of endogenously synthesized fatty acids, the rate of fatty acid 
oxidation, and controls over the incorporation into the lipid class (Field et al., 1985).   
Due to the influences on the availability of fatty acids for incorporation into 
adipose tissue, it is expected that the levels of fatty acids that must be supplied by the diet 
will correlate closely with their associated levels in adipose tissue, while the levels of 
lipid classes that are endogenously synthesized will be poorly correlated (Baylin, 
Kabagambe, Siles, & Campos, 2002; London et al., 1991).  Therefore, levels of dietary 
PUFAs are expected to correlate closely with adipose tissue content, while SFAs and 
MUFAs are expected to be poorly correlated (Baylin et al., 2002).  This is indeed what 
has been observed in several studies.  Dietary PUFAs typically show moderate to high 
correlations with those in adipose tissue (Beynen et al., 1980; Plakké et al., 1983), more 
specifically, linoleic acid (Field et al., 1985), trans fatty acids, and n-3 fatty acids of 
marine origin (Baylin et al., 2002; London et al., 1991).  In contrast, the correlation 
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between dietary SFAs and adipose tissue content is weak, and the correlation for MUFAs 
is even weaker (Beynen et al., 1980; Garland et al., 1998; London et al., 1991).  
Studies conducted with human subjects have observed that subgroups of 
individuals or population groups consuming particular diets may display different trends 
from those with different dietary habits, such as vegetarians and omnivores (Plakké et al., 
1983).  For example, it was observed that the relative percent of dietary PUFAs was 
highest for lacto-ovo vegetarians and lowest for the control group, consuming a non-
restricted diet (Plakké et al., 1983).  This may be explained by the observation that trans 
fatty acids from vegetable sources, not animal sources, are best correlated with the trans 
fatty acid content in adipose tissue (Garland et al., 1998).     
1.4.3 Effect of Diet on Porcine Tissue Lipids  
Studies performed on porcine adipose tissue have found that the amount and types 
of fatty acid in tissue are highly influenced by dietary intake (Bryhni, Kjos, Ofstad, & 
Hunt, 2002; Notter et al., 2009; Villegas, Hedrick, Veum, McFate, & Bailey, 1973).  
More specifically, dietary PUFAs, including n-6 and n-3 fatty acids, are readily 
incorporated into porcine adipose tissue in a dose-dependent manner (Ostrowska, Cross, 
Muralitharan, Bauman, & Dunshea, 2003).  In a study examining the backfat sampled 
from pigs fed on different diets, the authors observed that the tissue collected from pigs 
fed whole roasted soybeans contained more PUFAs (specifically linoleic and linolenic 
acids) and less SFAs, than pigs fed soybean meal (Villegas et al., 1973).  The levels of 
PUFAs (linoleic and linolenic) in the tissue also increased with increased levels in the diet 
(Villegas et al., 1973).  Similarly, in another study, it was observed that pigs fed diets 
high in PUFAs had less SFAs, such as palmitic (C16:0) and stearic acid (C18:0), and 
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more linoleic (C18:2), linolenic (C18:3), and total PUFAs in their backfat than pigs fed a 
diet low in PUFA (Bryhni et al., 2002).  This indicates that the fatty acids in the pigs’ 
diets were incorporated into their fat, thus influencing their fat composition (Bryhni et al., 
2002).  The detection of linoleic acid in porcine tissue indicates that this fatty acid was 
present in the diet, since linoleic acid is an essential fatty acid which can only be obtained 
through its consumption (Field et al., 1985).  Further, the half-life of linoleic acid is 
approximately two years, and so its detection in tissue can be reflective of the pig’s diet 
for up to four years (Garland et al., 1998).   
1.5 Lipid Degradation 
Adipose tissue is largely composed of neutral lipids, which collectively refers to 
triglycerides, diglycerides, and cholesterol esters, of which triglycerides are the most 
common (Kramer & Hulan, 1978; Ruiz-Gutierrez, Montero, & Villar, 1992).  Shortly 
after death, neutral lipids will undergo hydrolysis, whereby intrinsic lipases, with the 
addition of water, release the fatty acids from their glycerol backbone, creating a mixture 
of free saturated and unsaturated fatty acids (Evans, 1963; Forbes, Stuart, & Dent, 2005; 
Forbes, Wilson, & Stuart, 2011; Janaway et al., 2009; Notter et al., 2009) (Figure 1.4).  
Under the right conditions (when sufficient water and bacterial enzymes are present), 
neutral lipids will be degraded until they are completely reduced to free fatty acids 
(Forbes, 2008), allowing them to liquefy and penetrate into surrounding tissues (Fiedler & 
Graw, 2003).  Bacterial enzymes may subsequently convert these free fatty acids into 
hydroxyl fatty acids, which have a hydroxyl group attached (Forbes, 2008; Janaway et al., 
2009).  These hydroxyl fatty acids will remain as adipocere (a greyish-white wax-like 
substance) (Gill-King, 1997; Notter et al., 2009) if no further chemical changes occur and 
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if sufficient water and enzymes remain available (Janaway et al., 2009; Pfeiffer, Milne, & 
Stevenson, 1998).  In contrast, fatty acids may react with sodium and potassium ions 
present in tissue, to produce salts of fatty acids (Forbes, 2008; Notter et al., 2009).  When 
the body is located in soil, the sodium and potassium ions can be replaced by calcium and 
magnesium ions to form soaps of fatty acids, which can also contribute to the formation 




The fatty acids resulting from hydrolysis can undergo one of two routes of 
degradation, depending on the availability of oxygen (Forbes, 2008).  It is possible, 
however, for both routes to take place at the same time in different areas of the body.    
1.5.1 Anaerobic Degradation 
Following death, the microorganisms present in the body, mainly derived from the 
gastrointestinal tract, begin to invade surrounding tissues and gradually make their way to 
the rest of the body (Janaway et al., 2009).  The redox potential of tissues falls, which 
limits the number of aerobes that can survive within the body, allowing anaerobic bacteria 
to become the prevalent microorganisms (Gill-King, 1997; Janaway et al., 2009).  These 
microorganisms promote the anaerobic degradation of fatty acids via hydrogenation 
Figure 1.4. Example of a hydrolysis reaction 
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(Forbes, 2008).  The process of hydrogenation transforms unsaturated fatty acids into 
their saturated counterparts (Fiedler & Graw, 2003; Forbes et al., 2005; Notter et al., 
2009) by adding hydrogen to carbon atoms (Jones, 2005) (Figure 1.5).  This increases the 
amount of SFA, while decreasing the proportion of UFA (Evans, 1963; Notter et al., 
2009).  Therefore, hydrogenation of oleic and palmitoleic acids, should yield stearic and 




1.5.2 Aerobic Degradation 
In the presence of oxygen, fatty acids will undergo oxidation, which is a chain 
reaction process by which oxygen attacks the double bond in a fatty acid, to yield 
peroxide linkages (Gray, 1978) (Figure 1.6).  Eventually, the process will produce 
aldehydes and ketones with the help of fungi, bacteria, and air (Janaway, Percival, & 
Wilson, 2009; Evans, 1963).  Other than this oxidative process however, very little is 
known regarding the sequence of lipid degradation in soft tissue under aerobic conditions, 
likely due to the fact that hydrolysis and hydrogenation dominate the degradation of fat 
during decomposition (Janaway, Percival, & Wilson, 2009).   
 






1.6 Fatty Acids in Insects  
Insects that are attracted to cadavers contain fatty acids within their tissues.  Fatty 
acids in insects serve to provide metabolic energy storage, contribute to cell and 
membrane structure, and have regulatory roles in physiology (Stanley-Samuelson, 
Jurenka, Cripps, Blomquist, & de Renobales, 1988).  Similar to humans and other 
animals, the majority of insect fatty acids are associated with triglycerides, which provide 
the insects with metabolic energy (Gołębiowski et al., 2012; Stanley-Samuelson et al., 
1988).  Triglycerides from well fed insects will largely be composed of C14- C18 SFAs 
and MUFAs, synthesized from carbohydrates and amino acids in their food, while linoleic 
and linolenic acids will predominantly be located in phospholipids (Stanley-Samuelson & 
Dadd, 1983).  These PUFAs are physiologically important for many insects and must be 
obtained through their diets, just like in humans and other animals (Stanley-Samuelson & 
Dadd, 1983).   
Common fatty acids detected in human and animal tissues (i.e. palmitic, 
palmitoleic, stearic, oleic, linoleic, and linolenic) account for approximately 98% of the 
fatty acids in whole insect lipid extracts, but few insects appear to contain fatty acids 
Figure 1.6. Lipid oxidation reaction 
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beyond α-linolenic acid (ALA, C18:3-n3) (Stanley-Samuelson & Dadd, 1983).  The 
neutral lipids of most Diptera (fly) species are composed of 50% or more of fatty acids 
with chain lengths less than 18 carbons long (Fast, 1966).  Further, most Diptera exhibit 
high levels (15% or more) of palmitoleic acid in their neutral lipids (Barlow, 1964; Fast, 
1966; Stanley-Samuelson et al., 1988).  In other taxa (such as Coleoptera), however, oleic 
acid appears to be the dominant fatty acid in neutral lipids (Fast, 1966).   
All insects that have been examined are capable of synthesizing palmitic, stearic, 
and oleic acids, which are among the most common fatty acids in insect tissues (Stanley-
Samuelson et al., 1988).  Most insects are also protected from desiccation through a thin 
layer of cuticular lipids, which are mainly composed of C16 and C18 saturated and 
unsaturated fatty acids (Gołębiowski, 2012; Gołębiowski et al., 2012), as well as some 
longer C23 to C34 fatty acids (Stanley-Samuelson et al., 1988).  Further, it has been 
observed that C20 PUFAs are frequently detected in PLs of insects (Stanley-Samuelson et 
al., 1988).   
Despite the presence of these fatty acids, it has been argued that a representative 
fatty acid profile for insects cannot be established due to the number of factors that 
influence their fatty acid content, even within species (Stanley-Samuelson et al., 1988).  
Such factors include: gender (Gołębiowski et al., 2012), dietary habits, patterns of whole 
insects during various stages of development (Barlow, 1964) (for example, high 
production of TGs in the larval stage versus wax esters in pupae), unusual features of 
particular species, environmental influences, and biochemical modifications (Stanley-
Samuelson et al., 1988).  Similar to humans and animals, the levels of PUFAs in insects’ 
diets influence the fatty acid compositions of whole insects, in that increased levels of 
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dietary PUFAs lead to increases in PUFAs in tissues, along with decreases in MUFAs 
(Stanley-Samuelson et al., 1988).  Differences in tissue composition within the same 
organism have also been observed (Stanley-Samuelson et al., 1988).  Nonetheless, insects 
have the potential to contribute to the types and levels of fatty acids detected from tissues 
and fluids of decomposing bodies.   
1.7 Body Fluids  
 The average adult human, weighing 154lbs, is composed of approximately 60% 
water (Guyton & Hall, 2006).  Water is added to the body in the form of liquids or water 
from food and is also synthesized by the body during oxidation of carbohydrates (Guyton 
& Hall, 2006).  Approximately 40% of the total body weight is intracellular fluid that is 
contained in the cells of the body (Guyton & Hall, 2006).  The fluids that are not 
contained in cells are collectively called extracellular fluid and account for about 20% of 
the body weight (Guyton & Hall, 2006).  Interstitial fluid accounts for approximately 
three fourths of the extracellular fluids, and plasma (the noncellular portion of blood) 
makes up almost one fourth (Guyton & Hall, 2006).  Blood contains both intra- and 
extracellular fluid and the average adult human blood volume is about 7% of their total 
body weight (Guyton & Hall, 2006).   
 The process of decomposition does not permit water loss by natural means, such 
as through sweating and the excretion of wastes, and so all of the fluid and water remains 
contained within the body.  At the end of the bloat stage, the buildup of gases within the 
body creates internal pressures that force fluids out of the body through natural body 
openings or post mortem ruptures (Goff, 2009).  These fluids subsequently accumulate in 
the surrounding environment and may alter its natural composition.   
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1.7.1 Decomposition Fluid 
The macromolecule degradation products resulting from decomposition have been 
studied extensively in tissue and in soil.  One new avenue of research is the investigation 
of degradation products in decomposition fluid.  Limited research has been conducted 
thus far, presumably because it is a challenging sample matrix to study, since it is 
typically a complex chemical mixture that often contains insects, microorganisms, and 
other debris from the surrounding environment (Swann, Forbes, et al., 2010b).   
Preliminary studies investigating the chemical content of decomposition fluid 
from pork rashers, piglets, and adult pigs (Sus scrofa) have been limited to the detection 
of short chain VFAs (C2-C5) and long chain fatty acids (C14-C19) (Swann, Chidlow, et al., 
2010; Swann, Forbes, et al., 2010c).  The same authors also developed methods using 
capillary electrophoresis to accurately detect biogenic amines and amino acids (Swann, 
Forbes, & Lewis, 2010a).  However, very little is known about the chemical composition 
and chemical properties of decomposition fluid, and thus much work remains to be 
completed using this matrix.    
Plasma, interstitial, intracellular, and extracellular fluid are largely composed of 
electrolytes, mainly sodium and chloride ions (Guyton & Hall, 2006; Guyton, 1991).  The 
non-electrolyte portion of plasma contains a large proportion of phospholipids (≈40%), 
cholesterol (≈20%), and neutral fat (≈15%) (e.g. triglycerides and diglycerides) (Guyton 
& Hall, 2006).  It can therefore be hypothesized that decomposition fluid will consist of 
released plasma, interstitial, intra- and extra-cellular fluids, and these will contain various 
electrolytes and fatty acids resulting from the breakdown of the lipids naturally present in 
plasma.   
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1.8 Study Objectives  
 The purpose of this study was to examine the potential of fatty acids to be used as 
a biomarker and examine the effects of insects on the decomposition process.  The first 
objective was to compare decomposition in the presence, as well as the partial and 
complete absence of insects.  In doing so, new decomposition stages were to be created to 
properly characterize the decomposition occurring in each type of insect exclusion 
scenario.  The second objective was to examine the physical and chemical properties of 
decomposition fluid to provide a better understanding of its composition, since very little 
research is available on this decomposition product.  The final objective was to elucidate 
the lipid degradation process in decomposition fluid and in soft tissue.  The fatty acid 
results from fluid and tissue from each of the three groups of carcasses (those 
decomposing in the presence, and those in partial and complete absence of insects) were 
compared to predict whether insects influence the fatty acid degradation process during 
decomposition.   





























2.1 Research Trials 
 Outdoor research trials were conducted in the spring-summer months (June-
September) during 2010-2013.  These experimental studies were named consecutively, as 
Trials 1-4.  Trial 1 served as a preliminary study, in which tissue was collected from pig 
(Sus scrofa domesticus) carcasses decomposing on the soil surface.  The experimental 
analyses conducted on the tissue provided a means of testing analytical methods with 
tissue from decomposing carcasses, thus allowing the determination of the validity of the 
methods.  The goal was also to obtain a general understanding of the expected fatty acid 
degradation trends.  Trials 2-4 were conducted with the purpose of carrying out the 
research objectives.    
2.1.1 Experimental Site  
 The study site was located in a temperate woodland in Oshawa, Ontario, Canada, 
approximately 65km northeast of Toronto (43°94N, 78°90W).  The study site was 
surrounded by a chain-link fence on the north, west, and east sides, and a wooden fence 
along the south perimeter (Figure 2.1).  A forest was located behind the north fence, but 
did not provide shade to any of the experimental subjects throughout the study periods.   
2.1.2 Weather Data  
Weather data was collected using a HOBO
®
 Micro Station Data Logger (Onset, 
USA), which was located within the confines of the research site (Figure 2.1).  The 
station recorded temperature and relative humidity at hourly intervals.  A garden rain 
gauge was used to measure the amount of precipitation the area received during Trials 1 
and 2, while a rain gauge connected to the weather station was used to collect hourly 
precipitation data during Trials 3 and 4.  A weather station located at the study site was 
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used to record weather data because it has been found that significant differences can 









Elapsed time was documented as accumulated degree days (ADD), which 
accounts for temperature data.  ADD represents heat energy units available to sustain 
biological and chemical processes required for decomposition (Megyesi et al., 2005; 
Simmons, Adlam, et al., 2010).  Using ADD allows studies that score the decomposition 
process to be more reliably compared (between seasons, years, and environments), since 
temperature data is accounted for (Dabbs, 2010; Megyesi et al., 2005; Michaud & 
Moreau, 2010; Simmons, Adlam, et al., 2010).  ADD was calculated by adding the 
average daily temperatures above the minimum temperature threshold (0°C) (Megyesi et 
al., 2005).   
2.1.3 Experimental Subjects 
 The studies utilized adult domestic pig carcasses, weighing approximately 20 – 
30kg, as models for human decomposition.  This is standard practice in decomposition 
Figure 2.1. Experimental site showing layout and location of weather station 
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studies where the use of human cadavers is not permitted (Schoenly et al., 2006).  Pig 
carcasses are used to model human remains because they are similar to human torsos in 
weight, fat-to-muscle ratio, hair coverage, and internal anatomy (Schoenly et al., 2006).  
They also have an omnivorous diet, producing a similar gut fauna to humans (Anderson 
& VanLaerhoven, 1996).  The pigs were obtained from a local abattoir and were killed by 
captive headbolt prior to experimental treatment.  The carcasses were transported by 
vehicle to the experimental site in sealed storage containers shortly after death to prevent 
insect access to the carcasses.   
2.2 Method Testing (Trial 1) 
 Four pig carcasses were placed directly on the soil surface, at least 3m apart, at the 
beginning of June 2010.  Each carcass was protected by cages, covered with 1cm 





2.2.1 Tissue Collection  
Biopsy punches (Stevens Company Ltd., Canada) with a diameter of 8mm were 
used to collect the tissue samples during the early stages of decomposition.  The use of 
the biopsy punches allowed for all of the fat layers to be collected during each sampling 
and provided consistency between samples.  Collecting all of the fat layers ensured that 
various types of degradation in the soft tissue were extracted.   Approximately 1g of 
Figure 2.2. Placement of the carcasses in Trial 1 
P1 P2 P3 P4 
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tissue was collected from each hole produced from the biopsy punch.  Once the skin and 
tissue became too elastic for the biopsy punches to be useful, a scalpel was used to excise 
tissue and skin (when no soft tissue remained). Two 4g samples of tissue were collected 
each sampling day from each carcass: one sample from the upper torso (UT), and one 
from the lower torso (LT).  Tissue samples were stored in scintillation vials at -20°C until 
further analysis.  
Soft tissue was sampled once a day on the following experimental days: 0-9, 11, 
13, 15, 18, 20, 27, 34, and 41; the last day samples were collected.  Only skin samples 
were collected from day 20 onwards, and by day 41, very little remained. 
2.3 Replicate Trials (2011, 2012, and 2013) 
2.3.1 Experimental Setup  
 Six pig carcasses were utilized in each replicate trial.  Each carcass was placed in 
a large, clear, plastic container on a raised platform that contained holes (openings were 
4.3cm x 1.3cm) (Figure 2.3a).  The containers were angled slightly by placing a piece of 
wood beneath one side.  The platforms on which the pigs rested remained parallel with 
the ground (Figure 2.3b), to prevent the decomposition fluids from flowing to different 
areas within the carcasses, which may have inadvertently affected the decomposition 
process.  The purpose of using containers, as opposed to laying the pigs on the soil 
surface, was to allow the decomposition fluids to accumulate in the container for 
sampling.  Angling the containers allowed for easier collection of the fluids, as they 
pooled in the one area.  This also prevented the fluids from drying out between collection 
periods.  The carcasses were raised so that they did not soak in their own fluids, as this 
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may have altered the decomposition process.  This was also the reason the platforms 
contained holes; to allow the fluids to drain away from the carcasses.   
 
Access by insects was permitted to three of the six carcasses in each trial.  These 
carcasses (the inclusion group) were placed into shallow containers (88cm x 47.5cm x 
17.8cm) to allow full exposure to the elements and insects (Figure 2.4a).  They were 
protected from scavengers by placing 3ft x 2ft x 1ft cages with 1cm mesh over each 
carcass.  To exclude insects, the remaining three carcasses (exclusion group) in each trial 
were placed into deeper containers (88cm x 47.5cm x 31.8cm) (Figure 2.4b).  These were 
covered with mosquito netting that was sealed to the containers with Velcro.  To protect 
these carcasses from scavengers, 1cm mesh cages were placed over each container and 
these were also lined with mosquito netting, to act as a primary barrier to insects (Figure 
2.4b).  Petroleum jelly was applied to the bottom of the containers to prevent the entry of 
crawling insects.    
 
 





In addition to the use of the weather station, individual data loggers (HOBO
® 
U23 
Pro v2 Temperature/ Relative Humidity data logger; Onset, USA) were placed within the 
containers of each of the experimental carcasses.  They were used to record the 
temperatures experienced within the containers, to determine whether the protective 
netting affected the temperature, and thus the decomposition process.  Wire was strung 
across the long side of the container, above the legs, to allow the data loggers to hang 
above the carcasses (Figure 2.5).  The data loggers were secured to the wire using tight-
seal tubing clamps.  A data logger was also placed above one of the control carcasses, to 
act as a control.  It was secured to the anti-scavenging cage using a zip tie and was located 
in front of the ventral side of the carcass but not directly above it (Figure 2.4a).   
 
Figure 2.5. Example of the data logger set up in the exclusion carcasses 
b. 





 Observations were collected each experimental day.  These focused on the 
physical appearances of the carcasses, which included discolourations, bloating or 
deflation of the carcasses, the presence of post-mortem skin ruptures, amount of hair 
remaining, and the exposure and appearance of bones.  In addition, observations were 
also made with regards to the presence, abundance, and general type of insects on and 
around the carcasses (e.g. flies, beetles, bees, ants, etc), the presence and abundance of 
maggots, and odours.  Together, these observations contributed to determining the stage 
of decomposition each carcass exhibited each experimental day.        
2.3.3 Fluid Collection  
The decomposition fluid was collected once on each sampling day it was present, 
using 25mL serological pipettes attached to a vacuum bulb.  If there was debris in the 
fluids that rendered the pipettes non-functional, plastic spoons were instead used to 
collect the fluids.  Similarly, fluids that had dried on the bottom of the containers, were 
also collected using a spoon.  All the fluid present in the containers was collected to a 
maximum volume of approximately 1L during Trial 2 and 100mL during Trials 3 and 4.  
It was determined that 100mL of fluid was more than sufficient to complete the necessary 
analyses and required less storage space.  After removing this volume, the remaining 
fluids were siphoned out to remove all fluid from the containers.  This ensured that fluids 
released on different experimental days did not mix, so as to allow for a more accurate 
timeline of chemical trends for each day.  Fluids were collected in 1L mason jars in Trial 
2 and 125mL mason jars in Trials 2 and 3, unless the volume of fluid was small, in which 
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case it was collected in 20mL scintillation vials.  The fluid was stored at -20°C until 
further analysis.  
During Trial 2, fluid was collected from day 1 to day 41 (852 ADD).  During Trial 
3, fluid was collected from day 0 to day 55 (1157 ADD).  In Trial 4, fluid was collected 
between days 0-55 (1119 ADD).  Following the collection of fluids, any rain that 
accumulated in the containers was siphoned out to maintain consistency throughout the 
trial and to prevent the carcasses from becoming submerged in water for extended periods 
of time.   
2.3.4 Tissue Collection  
Approximately 4g of tissue was collected each sampling day from each carcass 
using the same method described for Trial 1 (see Section 2.2.1).  Two 2g samples were 
collected from each carcass on each sampling day: one sample from the upper torso and 
one sample from the lower torso.  The upper torso samples were collected from the dorsal 
region, immediately superior to the shoulder and the lower torso samples were collected 
from the dorsal region, slightly cephalad to the hind quarters (Figure 2.6). 
During Trial 2, soft tissue was sampled once a day on the following experimental 
days: 0-9, 11, 13, 15, 18, 20, 22, 25, 27, 34, 41, 48, 55, 69, 83, and 111.  During Trial 3, 
soft tissue was collected on experimental days: 0-13, 15, 18, 20, 22, 27, 34, 41, 55, 76, 
and 105.  During Trial 4, soft tissue was collected on experimental days: 0-11, 13, 15, 18, 
20, 22, 25, 27, 34, 41, 55, 69, 90, and 111.  The frequency of the collection was based on 
the amount and extent of decomposed tissue.  The studies were concluded when there was 











2.3.5 Sampling From Exclusion Group 
When collecting observations and samples from the exclusion carcasses, 
precautionary steps were taken to prevent any insects from accessing the carcasses once 
the cages and mosquito netting were removed.  First, the area around the containers was 
disturbed so that any flies present would leave the immediate area.  Once this was 
accomplished, the cage was removed and a mobile tent, made of mosquito netting, was 








Any flies that made their way into the tent were collected with a hand held 
vacuum to prevent them from accessing the carcass.  Further, the mosquito netting was 
only pulled back enough to allow observations to be made and the collection of tissue and 
Figure 2.7. Setup for the sampling of exclusion carcasses 
Figure 2.6. Soft tissue sampling locations; green: upper torso; 
red: lower torso 
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fluid samples.  The netting was immediately sealed once observations and collection were 
complete.   
During the early stages of decomposition, any eggs that were observed on the 
netting above the container or on the surface of the carcasses were removed.  Egg masses 
that were present on the netting were scraped off and denatured alcohol was applied to the 
netting in an attempt to kill any remaining eggs.  When eggs were present on the surface 
of carcasses, they were carefully removed to prevent them from hatching and feeding on 
the tissue.   
2.3.6 Weather Data (Trial 4) 
 During the last trial (Trial 4), data loggers were used to determine whether the 
experimental design which excluded insects affected the temperature and relative 
humidity experienced by the exclusion carcasses and thus the observed decomposition 
process.  Data loggers were placed within the containers of each of the experimental 
carcasses to record the temperatures experienced within (underneath the mosquito netting 
covering both the containers and the cages) (Figure 2.8a).  In addition, a data logger was 
placed above one of the control carcasses (secured to the top of the cage), to act as a 
control (Figure 2.8b).  
 
Figure 2.8. Data logger placement: a. Data logger with exclusion carcasses; b. Data logger with inclusion 
















Chapter 3 : Method Testing, Optimization, 














3.1 Trial 1- Method Testing    
Trial 1 served as a preliminary trial with the goal of examining the complete lipid 
degradation process in soft tissue by examining lipids, fatty acid methyl esters (FAMEs), 
and lipid oxidation products, using previously published methods (e.g. infrared 
spectroscopy and gas chromatography-mass spectrometry).  Since these methods have 
been previously optimized for adipocere formation (a preservation product which forms 
during decomposition), it was decided that a field experiment would be conducted to test 
the applicability of these methods for soft tissue decomposition in our local environment.  
The theoretical processes of lipid degradation are well known but they have not been 
experimentally verified for soft tissue decomposition; particularly the lipid oxidation 
process.     
3.2 Soft Tissue Analyses   
3.2.1 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 
3.2.1.1 Sample Preparation  
To prepare the samples for analysis, small portions of tissue were freeze-dried 
using a Modulyo Freeze Dryer (ThermoFisher Scientific, Waltham, MA) to remove all 
water.  The freeze dried tissue was subsequently ground with powdered potassium 
bromide (KBr) (99+%, FTIR grade; Sigma-Aldrich, USA) in a 1:5 ratio (sample: KBr) 
using a glass mortar and pestle until a homogeneous mixture was obtained (Forbes, Dent, 
& Stuart, 2005; Forbes, Stuart, et al., 2005).  KBr was added to create a uniform crystal 
mixture of small size, which allows reflection, absorbance, and scattering to occur (Bell, 
2006).  The background spectra were collected using approximately 20mg of powdered 
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KBr (Forbes, Dent, et al., 2005; Forbes, Stuart, et al., 2005).  This method permitted the 
detection of triglycerides and fatty acids by analysing their molecular vibrations.   
3.2.1.2 Detection Parameters  
The infrared spectra of the ground samples were immediately collected after they 
were prepared, using a Nicolet 4700 Fourier transform infrared spectrometer 
(ThermoFisher Scientific, USA), equipped with a DRIFTS Smart Collector 
(ThermoFisher Scientific, USA).  The instrument collected 64 scans over a frequency 
range of 4000-500 cm
-1
 with a resolution of  4cm
-1
 (Forbes, Dent, et al., 2005; Forbes, 
Stuart, et al., 2005). 
  
3.2.2 Gas Chromatography-Mass Spectrometry (GC-MS) 
3.2.2.1 FAME Sample Preparation  
A fatty acid methyl ester (FAME) derivatization method was adapted from 
Makristathis et al. (2002) to extract the lipids from soft tissue.  Tissue samples weighing 
1g were homogenized using a handheld Tissuemiser (Fisher Scientific, Canada) with 1mL 
of a mixture of 7.5N sodium hydroxide (NaOH) (>98%ACS reagent grade; BioShop, 
Canada) and methanol (HPLC grade; Fisher Scientific; Canada) (1:1 v/v) to saponify the 
lipids (releasing any bound fatty acids from their glycerol backbone), followed by 30 min 
of heating at 100°C.  The sodium salts of the free fatty acids were converted to their 
methyl esters by adding 2mL of a mixture of 6N hydrochloric acid (HCl) (reagent, ACS-
Pur; Fisher Scientific, Canada) and methanol (4.6:5.4 v/v), followed by 10 min of heating 
at 80°C.  FAMEs were transferred from the acidic aqueous phase to an organic phase by 
liquid-liquid extraction using 1.25mL of n-hexanes (HPLC grade; Fisher Scientific, 
Canada) and methyl tert-butyl ether (MTBE) (Ultra resi-analyzed; J.T. Baker, USA) (1:1 
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v/v).  Cleanup of the organic phase was accomplished by adding 3mL of 0.3N NaOH 
solution, which reduced contamination of the injection port liner, the column, and the 
detector of the GC-MS (Makristathis et al., 2002; Sasser, 1990).  The organic layer was 
subsequently concentrated using a Speedvac Concentrator Savant SC210A with a 
RVT4104 Refrigerated Vapor Trap (ThermoElectron Corporation, USA).  Finally, the 
concentrate was reconstituted with 2mL of n-hexanes.  This extraction method allowed 
for the analysis of the whole fatty acid content in tissue, including bound and unbound 
fatty acids, as well as those originating from sources other than lipids, such as 
lipoproteins (Makristathis et al., 2002). 
Mixed FAME standards (Supelco FAME Mix, C14-C22; Sigma-Aldrich, Canada) 
containing: arachidic, behenic, elaidic, linoleic, linolelaidic, linolenic, myristic, oleic, 
palmitic, and stearic acid methyl esters, were prepared as external standards in the 
following concentrations: 0.1,1, 5, 10, 25, 50, 100mg/L.  This FAME mix was chosen 
because it contained the C14-C18 fatty acids that account for over 90% of the fatty acid 
content in adipose tissue (Calder et al., 1992; Hirsch et al., 1960; Insull & Bartsch, 1967; 
Krut & Bronte-Stewart, 1964).  Standards were analyzed by GC-MS with each batch of 
samples, to serve as a means of quantifying the fatty acid results.   
3.2.2.2 FAME Detection Parameters 
The samples were analysed on a Varian 450 gas chromatograph coupled to a 
Varian 240 mass spectrometer (Agilent Technologies, USA).  The GC-MS operating 




Table 3.1 GC-MS operating parameters for fatty acid methyl ester analysis 
Parameter Condition 
Column VF-23 WCOT fused silica capillary column (30m x 0.25mm x 
0.25µm) 
Carrier Gas Helium 
Flow Rate 1mL/min  
Injection Volume 1µL 
Injection Type Split mode 
Injection Temperature 250°C 
Split Ratio 50:1 
Split Flow n/a  
Oven  
Initial Temperature 80°C 
Rate 12°C/min until 150°C; 1°C/min until 170°C, hold 4min; 
10°C/min until 240°C  
MS Parameters  
Acquisition Mode Scan 
Scan Parameters 50-450 m/z  
Solvent Delay 6min  
3.2.2.3 Lipid Oxidation Sample Preparation  
 Tissue to be analyzed for volatile organic compounds (VOCs) resulting from lipid 
oxidation products was immediately transferred to headspace vials upon the return to the 
laboratory from the research facility.  Two grams of tissue was weighed and transferred to 
a 20mL headspace vial which was flushed with nitrogen gas before being sealed, to 
prevent further oxidation from taking place.  All vials were heated in an oven at 80°C for 
ten minutes, following a modified method for the detection of aldehydes from pork meat 
(Nielsen, Sorensen, Skibsted, & Bertelsen, 1997).  The vials were stored at 4°C for four 
days before analysis by GC-MS.  The purpose of this method was to identify volatile lipid 
oxidation products, such as aldehydes and ketones, from the headspace generated from 
collected soft tissue.    
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3.1.2.4 Lipid Oxidation Product Detection Parameters  
Headspace analysis was carried out on a Finnigan Trace GC Ultra gas 
chromatograph coupled to a Finnigan Polaris Q mass spectrometer (Thermo Electron 
Corporation, USA) .  The GC-MS operating parameters utilized on the tissue samples are 
summarized in Table 3.2.  
Table 3.2. GC-MS operating parameters for lipid oxidation headspace analysis 
Parameter Condition 
Column Supelco Equity-5 bonded column (30m x 0.25mm x 0.25µm) 
Carrier Gas Helium 
Flow Rate 20mL/min  
Injection Volume 1mL 




Split Ratio 10:1 
Split Flow 10mL/min  
Oven  
Initial Temperature 45°C, hold 10min 
Rate 4°C/min until 160°C; 15°C/min until 220°C, hold 25min 
MS Parameters  
Acquisition Mode Scan 
Scan Parameters 50-400 m/z  
Solvent Delay 3.25min  
 
3.3 Results for Trial 1 (Method Testing)  
3.3.1 Climatic Conditions & Carcass Decomposition   
Temperature and precipitation results for the study period can be found in Figure 
3.1.  The average temperature experienced was 19.3°C, with an absolute maximum of 
33.6°C and an absolute minimum of 6.4°C.  The total amount of precipitation received 




Figure 3.1. Average temperature and total rainfall recorded during Trial 1 
 
The stages used to characterize the carcasses were those outlined by Payne (1965): 
fresh, bloat, active decay, advanced decay, dry, and remains.  Each progressive stage 
persisted longer than the previous.  The carcasses were in the fresh stage until 
experimental day 1 (during the first 36 ADD) and in the bloat stage until day 4 (84 ADD).  
Active decay was observed until day 8 (144 ADD), followed by advanced decay until day 
13 (233 ADD).  The longest stages exhibited were the dry and remains stages, which 
persisted until day 20 and day 41 (374 and 810 ADD), respectively, at which point the 
study was terminated (Figure 3.2).  When decomposition proceeds quickly, the majority 
of soft tissue will be consumed or removed, leaving little cadaveric material behind.  
Therefore, with exposure to the elements, the carcasses become drier and slowly lose 
remaining tissue and skin until only bones and teeth remain, which requires substantially 





























































Figure 3.2. Onset of each decomposition stage during Trial 1 
 
3.3.2 DRIFTS  
The qualitative lipid profiles obtained from the DRIFTS spectra were semi-
quantified by calculating relative band absorbance.  The prominent C-H stretching band 
between 2926-2913 cm
-1
 was present in all samples and was thus used to compare band 
absorbance by calculating a relative ratio.   
One way repeated measures analysis of variance (ANOVA) was conducted on the 
data to determine whether there were statistically significant differences between the 
upper and lower torso results.  Each stretching band was analyzed individually using the 
average values from the carcasses.  There were significant differences (p < 0.05) between 







.  No significant differences (p > 0.05) were detected for bands between 
2856-2847 cm
-1
, 1750- 1734 cm
-1
, 1730- 1700 cm
-1
, and 1450-1400 cm
-1
.  Statistical 
analysis could not be performed on the bands between 1680-1620 cm
-1
 due to insufficient 
data.  Due to the presence of significant differences in some of the results, all subsequent 
analyses were performed on both the UT and LT tissues.    










The spectra for both the upper and lower torso tissues displayed consistent, weak 
bands between 3150-3000 cm
-1
, indicating the presence of UFAs (=C-H stretching) 
(Figures 3.3, 3.5, & 3.6).  Similarly, strong C-H stretching bands, indicative of SFAs were 
noted at 2856-2847 cm
-1
, and were also present in all spectra (Figures 3.3, 3.5, & 3.6).  
These two bands remained relatively constant throughout the study, indicating the 
consistent presence of saturated and unsaturated fatty acids throughout decomposition.  
 
Figure 3.3. UT and LT unsaturated =C-H stretching band and saturated C-H stretching band absorbance 
results  
 
A strong band between 1750-1735 cm
-1
 was evidence of triglyceride C=O ester 
stretching, but was only observed in samples until experimental day 5 (98 ADD) in the 
LT and experimental day 6 (110 ADD) in the UT, decreasing during that time (Figures 
3.4 & 3.5).  A moderate band appeared on experimental day 4 (84 ADD) between 1730-
1700 cm
-1
, indicative of C=O stretching of saturated fatty acids.  This band remained 



























































































Figure 3.4. UT and LT triglyceride C=O ester stretching band and saturated C=O stretching band 
absorbance results 
 
Studies performed on adipocere have observed that evidence of adipose tissue 
degradation can be detected based on the levels of TGs, UFAs, and SFAs present in IR 
spectra (Forbes, Stuart, Dadour, & Dent, 2004; Forbes, Stuart, et al., 2005).  A decrease in 
TGs, low levels of UFAs, and high levels of SFAs indicate that adipose tissue has 
undergone some degree of decomposition (Forbes et al., 2004; Forbes, Stuart, et al., 
2005), similar to the trend observed in Figure 3.4.  Other studies performing 
spectroscopic analyses on decomposing tissue state that the presence of a band in the 
region of 1710-1700 cm
-1
 is indicative of free fatty acids (Forbes et al., 2011; Notter et 
al., 2009).  This band explains the process of hydrolysis, in which fatty acids are released 
from TGs to yield a mixture of free saturated and unsaturated fatty acids (Notter et al., 
2009).  Regardless of the type of fatty acids indicative of that vibration region, the 




























































































had degraded by experimental day 4 (84 ADD), coinciding with the end of the bloat stage.  
This finding demonstrates that hydrolysis of neutral fat (e.g. TGs) occurs early in 
decomposition, presumably during putrefaction. 
Weak to moderate bands between 1680-1620 cm
-1
, representing UFAs, were 
inconsistently observed in samples (Figures 3.5, 3.6, & 3.7).  This band appeared more 
frequently in the LT than the UT.  The concentration of UFAs decreased on experimental 
day 2 (56 ADD) in the LT, followed by an increase.  Trends in the UT could not be 
observed due to the lack of consistent results (Figure 3.7).  It was expected that the levels 
of UFAs would decrease over time, indicating adipose tissue decomposition (Forbes et 
al., 2004; Forbes, Stuart, et al., 2005) and more specifically, hydrogenation, which 
converts unsaturated fatty acids into their saturated counterparts (Notter et al., 2009).  The 
lack of evidence of this process occurring means that conclusions cannot be drawn 
regarding the levels of saturated and unsaturated fatty acids, based on infrared 






Figure 3.5. Representative spectrum for experimental day 1 (early decomposition); note the 
presence of the band at 1743 cm-1, representative of triglyceride C=O ester stretching  
Figure 3.6. Representative spectrum for experimental day 34 (late decomposition); note the 




Figure 3.7. UT and LT unsaturated C=C stretching band absorbance results 
 
Moderate to weak amounts of salts of fatty acids, present in the regions 1576-1540 
cm
-1




 (methylene bending/lipid CH2 
scissoring) followed similar trends in both the UT and LT (Figures 3.5, 3.6 & 3.8).  
Moderate concentrations of fatty acid salts were observed until experimental days 1-2 
(36-56 ADD), at which point the concentrations decreased and were maintained 
throughout the remainder of the study (Figure 3.8).  The results from each band show that 
the trends are more closely related between the torso types than between the respective 
salts of fatty acids.  It is believed that the fatty acid salts in the region of 1576-1540 cm
-1
 
are representative of calcium salts (Forbes et al., 2004; Stuart, Craft, Forbes, & Dent, 
2005;  Stuart, Forbes, Dent, & Hodgson, 2000).  Minerals, such as calcium, present in the 
surrounding soil are thought to displace the sodium and potassium ions that form the 
























































































the salts in the region of 1450-1400 cm
-1
 originate, but it is likely they are closely related 
salts, since they follow the same trends in each tissue type.     
 
Figure 3.8. UT and LT carboxylate C-O fatty acid salt band and methylene bending/lipid CH2 scissoring 
band absorbance results  
 
3.3.3 GC-MS 
3.3.3.1 FAME Results  
The major fatty acids examined from the FAME analysis (myristic, palmitic, 
stearic, oleic, linoleic, and linolenic methyl esters) were identified and quantified based 
on a set of external standards using GC-MS.    
Each of the major fatty acids displayed high levels or an increase in concentration 
near the beginning of the study (during the fresh stage), followed by a decrease thereafter 
(Figure 3.9).  Palmitic and stearic acids (both saturated), displayed increases in 
concentration  after day 15 (271 ADD) and day 9 (161 ADD), respectively, while 
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3.9b, c, d, f).  The process of hydrogenation converts UFAs into SFAs, thus decreasing 
the levels of PUFAs and MUFAs and increasing the levels of SFAs (Fiedler & Graw, 
2003; Forbes et al., 2005; Notter et al., 2009).  These chromatographic results illustrate 
that hydrogenation took place in adipose tissue and occurred prior to the onset of the dry 
and remains stages.    
Not all fatty acids exhibited this trend, however.  Myristic acid was initially 
present in high concentrations, but rapidly decreased and remained low following day 4 
(84 ADD) (Figure 3.9a).  Studies examining the levels of fatty acids in porcine adipose 
tissue have consistently detected myristic acid in low levels (Kagawa et al., 1996; Notter 
et al., 2009).  It is also possible that myristic acid is relatively unaffected by 
hydrogenation. Myristoleic acid (C14:1) is likely the only UFA that would lead to the 
production of myristic acid and it is only a minor fatty acid (Kagawa et al., 1996; 
Monziols et al., 2007) that was not detected in the current study.  Linoleic acid (C18:2) 
did not follow a clear trend.  It is a PUFA which can be hydrogenated to oleic (C18:1) or 
stearic (C18:0) acids.  However, the amounts of linoleic acid fluctuated over time and did 






Figure 3.9. Major fatty acid concentrations throughout decomposition. a. myristic acid; b. palmitic acid; 
c. stearic acid; d. oleic acid; e. linoleic acid; f. linolenic acid 
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Statistical analysis could not be performed on these fatty acid results to determine 
whether there were significant differences between the UT and LT composition.  
Insufficient data was obtained over the course of the study to allow for robust results.  
The fatty acids of interest were not consistently detected and quantified above the limit of 
quantification (LOQ).  This was likely the result of a combination of poor extraction and 
quantification techniques (i.e. using external standards prepared from mixed fatty acids in 
varying concentrations).  The FAME extraction technique required optimization and a 
more robust method of quantifying the fatty acids was necessary.       
From the GC-MS results, other fatty acids were identified based on library 
searches of their mass spectra (Table 3.3).  These fatty acids were not present in all 
samples, nor were they detected consistently throughout the entire decomposition process, 
except for palmitoleic acid (Table 3.3), which comprises one of the more common fatty 
acids in the body (Forbes, 2008).  The unsaturated forms of eicosanoic acid, for example, 
were only present during the early stages of decomposition, while oxo- fatty acids 
(OXOFA) appeared during the later stages of decomposition (Table 3.3).  The presence of 
oxo- and hydroxyl- fatty acids have been detected in samples of adipocere (Bereuter et 
al., 1997; Takatori, 1996; Yan, McNally, Kontanis, & Sadik, 2001).  Adipocere did not 
form on any of the carcasses in the present study, although it has been reported that 
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Studies examining the fatty acid content of adipose tissue in both humans and pigs 
have consistently detected a range of minor fatty acids (Hirsch et al., 1960; Kingsbury, 
Paul, Crossley, & Morgan, 1961; Ruiz-Gutierrez et al., 1992).  The aim of this pilot study 
was to identify a large number of fatty acids throughout decomposition, however this was 
not achieved using the FAME method.  The results demonstrated that a more sensitive 
extraction technique was required, as well as more accurate and reliable quantification 
methods.     
3.3.3.2 Lipid Oxidation Results  
 Headspace analysis of collected tissue did not yield any results correlating to lipid 
oxidation products.  Based on published literature, volatile aldehydes and ketones were 
expected to be produced (Evans, 1963).  Specifically, research in the food industry has 
determined that hydroperoxides are typically the initial products of lipid oxidation and 
their deterioration forms secondary products, such as pentanal, hexanal, 4-
hydroxynopenal, and malondialdehyde (a common product from the oxidation of PUFAs) 
(Fernandez, 1997).  Additionally, hexanal, heptanal, octanal, and other short chain 
aldehydes have been identified within the headspace of decomposing carcasses 
(Dekeirsschieter et al., 2009; Statheropoulos, Spiliopoulou, & Agapiou, 2005) and are 
believed to be derived from lipid oxidation.  None of these specific compounds were 
detected, nor any other aldehydes or ketones.  It was therefore determined that this 
method required optimization or an alternative method to be valuable for identifying lipid 




 The warm temperatures experienced throughout this study promoted rapid 
decomposition of the pig carcasses, which led to the dry and remains stages being 
observed for the majority of the study period.  Tissue samples from the upper and lower 
torsos were analyzed separately because they were shown to exhibit statistically 
significant differences with respect to fatty acid content.  Results from DRIFTS analyses 
indicated that hydrolysis took place early in decomposition, presumably during 
putrefaction in the bloat stage.  Fatty acid results from the chromatographic analyses 
showed evidence of hydrogenation, whereby the concentrations of SFAs increased and 
those of UFAs decreased.  However, inconsistent fatty acid results were obtained using 
the FAME method outlined above and improved extraction and quantification methods 
are required to produce more consistent and repeatable results.  Headspace analysis for 
the detection of lipid oxidation products did not yield any valuable results; further method 




3.5 Method Optimization with Porcine Tissue  
 The methods that were utilized on the tissue samples from Trial 1 (FAME 
extraction and lipid oxidation headspace analysis) did not yield consistent or reliable 
results.  These methods have been extensively optimized for lipid analysis by other 
researchers, but were incapable of producing viable results on tissue collected from the 
outdoor lipid degradation study since the methods had not been optimized for a complex 
study involving external environmental variables.  Therefore, before further outdoor 
studies could be carried out, the laboratory methods needed to be optimized to ensure 
their reliability in future trials.        
3.5.1 Test Substrate  
 A single pork belly that was stored at room temperature in the fume hood was 
used as the substrate to optimize the methods used for the analyses of fatty acids.  Tissue 
samples from the “upper”, “middle”, and “lower” areas were collected on a daily basis 
until experimental day 26, every other day until experimental day 56, and once a week 
until experimental day 69.  Sampling for this period of time allowed for the collection of 
tissue that passed through various stages of ‘decomposition’, in an attempt to mimic the 
process of lipid degradation in carcasses during the outdoor trials.  This served to 
optimize the FAME extraction method, the FAME quantification method using GC-MS, 
and the headspace lipid oxidation method.  Using tissue from different stages of lipid 
degradation ensured the utility of the method for the entirety of the decomposition 
process.        
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3.5.2 FAME Extraction Method  
3.5.2.1 Heating Method  
 A major issue with the FAME extraction method used in Trial 1 arose during the 
first heating step at 100°C for 30 min.  This step was carried out in a water bath and 
caused the samples to boil over, resulting in sample loss.  Samples were subsequently 
heated in an oven and covered with marbles (to allow venting of gases), but sample loss 
still occurred.  A sand bath was determined to be an acceptable alternative, but was 
difficult to control the temperature.  For the analysis of all future trial samples, a digital 
MultiBlok (ThermoFisher Scientific, USA) heating block was used, which provided more 
controlled heating of samples.     
3.5.2.2 Complete Extraction of Fatty Acids 
 FAME extractions were performed on both the pork belly tissue and pure fatty 
acid standards: myristic (99-100%), palmitic (minimum 99%), palmitoleic (99%), stearic 
(≈99%), oleic (≈99%), and linoleic (≥99%) acids (Sigma-Aldrich, Canada).  It was 
observed that during the liquid-liquid extraction step, a semi-solid product formed 
between the two solvent layers.  This created difficulties in accurately removing all of the 
organic phase for its detection using GC-MS.  It was determined that this product was 
likely underivatized fatty acids, meaning that the extraction method was incapable of 
converting all of the available fatty acids into their methyl esters.  The volumes and 
concentrations of the solvents used in the analysis were altered, fresh solvents were 
prepared more frequently, and alternative solvents were used in an attempt to improve the 
yield of derivatized fatty acids.  None of these changes improved the yield.  Further 
investigation into the FAME extraction method found that its intended use was on 
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bacterial cultures, which contain reduced lipid content compared to adipose tissue from 
pigs.   
 An alternative FAME extraction method was tested on the porcine tissue.  This 
method provided a direct means of synthesizing FAMEs from meat tissues, oils, and 
feedstuffs (O’Fallon, Busboom, Nelson, & Gaskins, 2007).  The method outlined the use 
of 1g of wet, dry, or semifrozen sample, however it was determined that only 0.5g of 
tissue was necessary to yield high concentrations of all FAMEs.  The resulting fatty acid 
peaks from chromatographic analysis were large, narrow, and well resolved.  It was 
determined that this extraction method would yield more complete and reliable results 
than the previous method and it was subsequently used in Trials 2, 3, and 4.         
3.5.3 FAME Detection by GC-MS 
3.5.3.1 Instrument Parameters  
 After optimizing the FAME extraction method, the GC-MS operating parameters 
were altered to allow the detection of all FAMEs of interest and to yield well resolved 
peaks.  The GC method utilized by O’Fallon et al. (2007) was tested first and used as a 
guide in creating a method that proved successful for this research.  A new column was 
also purchased and installed (HP-5 (5%-Phenyl)-methylpolysiloxane; Agilent 
Technologies, USA) that was recommended for FAME analysis.  FAME standards were 
prepared to test the detection limit and retention times using the new column and GC 
method.   
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3.5.3.2 Creating a Compound Table  
 FAME and bacterial methyl ester (BAME) standards (Supelco 37 Component 
FAME mix, C4-C24 and Supelco BAME CP Mix; Sigma Aldrich, Canada) were used to 
create a compound table to allow for the automated identification of fatty acids.  The 
mass spectrum of each FAME and BAME was saved in the mass spectral library for 
subsequent identification of compounds.  The retention times obtained from the standards 
were used to provide a narrow range of time in which the software could detect and 
accurately identify each peak of interest.     
3.5.4 FAME Quantification  
 The use of external standards to quantify compounds is useful in targeted analysis 
involving only a few compounds of interest.  This study involved non-target analysis to 
identify the fatty acid profile as lipids degraded in porcine soft tissue, which was not 
conducive to the use of external standards.  The use of an internal standard accounts for 
any variation in injection volume that may occur during GC-MS analysis (Harris, 2007).  
Ratios of peak heights between the internal standard and compound of interest are used to 
quantify, or semi-quantify, the compounds (Bell, 2006).  Therefore, any effects that 
influence the compound(s) of interest will also influence the internal standard, thus 
allowing for more reliable and accurate concentrations to be calculated.     
Heptadecanoic acid (C17:0) was initially chosen as an internal standard because it 
was used in previous studies performed on adipose tissue (Notter et al., 2009; Ripoche & 
Guillard, 2001; Scott et al., 1981).  However, it proved inefficient and unreliable and was 
not consistently detected in samples.  Nonadecanoic (C19:0) (Atkinson, Fowler, Garton, 
& Lough, 1972; Meier, Mjøs, Joensen, & Grahl-Nielsen, 2006) was subsequently tested 
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for its validity.  The nonadecanoic acid standard initially co-eluted with linoleic acid, but 
was successfully separated after changing the temperature gradient.   
The concentration and volume of nonadecanoic acid as an internal standard was 
optimized.  A stock concentration of 1000mg/L of methyl nonadecanoate (98%; Sigma 
Aldrich, Canada) was prepared and varying volumes were added to samples.  It was 
determined that adding 100µL of the 1000mg/L standard yielded a well-defined peak that 
could be easily identified and quantified by the compound table.  The concentration of the 
internal standard in the final solutions was 50mg/L.    
3.5.5 Lipid Oxidation Method  
3.5.5.1 Tissue Amount 
 The amount of tissue used for analysis was varied to determine whether sufficient 
volatiles, and thus lipid oxidation products, were being produced from the substrate for 
detection using GC-MS.  One, two, three, four, and five grams of tissue were weighed 
and incubated according to the headspace method (see Sections 3.1.2.3 and 3.1.2.4).  The 
results from these tissue samples did not improve.  It is possible that a larger amount of 
tissue was necessary, since the original method used 11g of tissue (Nielsen et al., 1997).  
A smaller amount of tissue was used for analysis because the removal of 11g of tissue 
from two areas of a carcass may have affected the rate of decomposition.  Hence, other 
steps of the method were altered to optimize the method using a smaller amount of tissue.  
3.5.5.2 Incubation Time 
  The length of time samples were stored in the fridge following heating was varied 
to test whether this variable influenced the lipid oxidation results.  Two grams of tissue 
(the amount of tissue collected from the carcasses during Trial 1) were used for each test.  
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The headspace method (Nielsen et al., 1997) outlines an incubation time of four days, so 
samples were tested that were not incubated, as well as incubated for one, two, and three 
days.  The resulting chromatograms lacked peaks indicative of lipid oxidation, regardless 
of incubation time.   
3.5.5.3 Instrument Parameters    
 Oven temperatures were altered in an attempt to obtain peaks of interest.  The 
length of time samples were heated in the autosampler of the GC (prior to injection of the 
headspace) was also varied.  Several other ‘checks’ were performed to ensure that the 
instrument was working properly, including testing the autosampler, since it was 
hypothesized that the lack of peaks could be due to the incomplete withdrawal or 
injection of the samples.  However, none of the changes yielded peaks indicative of lipid 
oxidation, and this portion of the study was rejected for future trials.     
3.5.6 Conclusions  
The laboratory methods applied to porcine tissue samples were optimized to yield 
complete, consistent, and reliable results.  In order to achieve this using FAME analysis, 
an alternative method was chosen that allows for the complete extraction of fatty acids 
and derivatization of FAMEs.  The detection and quantification of the FAMEs using GC-
MS was optimized by altering the detection parameters and utilizing an internal standard 
to ensure that accurate results are obtained.  The lipid oxidation method proved to be 
ineffective at detecting oxidation products from the headspace of tissue samples and was 




3.6 Method Optimization with Fluid  
 In addition to soft tissue decomposition, fluid was also collected from each carcass 
in Trials 2, 3, and 4 for lipid and fatty acid analysis.  Very little research has been 
conducted on decomposition fluid, and as such, methods of analysis that have been 
conducted on different substrates (such as tissue and soil) were applied to the fluid to 
determine their applicability.  Due to the unique physical and chemical properties of 
decomposition fluid, the methods needed to be optimized in the laboratory to ensure 
accurate and reliable results.   
3.6.1 Lipid Analysis by ATR-IR 
 An attenuated total reflectance- infrared spectroscopy (ATR-IR) method (Stuart et 
al., 2005) was tested on blood, diluted blood, and late stage decomposition fluid.  
Approximately 1-2mL of fluid was initially tested to determine the volume that would 
yield optimal results.  The volume of sample used for the extraction again depended on 
the consistency of the fluid; the target volume was 1mL, but diluted samples required 
larger volumes and late stage fluid samples required smaller volumes.   
Slight modifications to the method were made to determine the optimal amounts 
of solvents for extraction.  The method was based on a modified Folch extraction (Folch, 
Lees, & Sloane-Stanley, 1957), which involves a mixture of chloroform and methanol in 
a 2:1 ratio to extract fatty acids.  The original Folch extraction method added water 
following the extraction to promote better separation of the two solvent layers, facilitating 
the removal of the organic layer for further analysis.  The method used by Stuart et al. 
(2005) did not add water, but it was observed that its addition helped separate the layers 
during the analysis of the fluid samples.  Further, the last step prior to the removal of the 
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organic layer involves centrifuging the samples at 2500rpm for 5min.  A foamy, semi-
solid layer often formed between the two solvent layers, which required centrifugation at 
higher speeds and for longer periods of time.  This was only applied to those samples 
exhibiting the semi-solid layer.   
 Once the fatty acids were extracted from the fluid samples, they were analyzed 
using ATR-IR, following the detection parameters outlined by Stuart et al. (2005).  
Briefly, these parameters included scanning the spectra between 4000-500 cm
-1
 and 
recording 128 scans at a resolution of 4 cm
-1
 (Stuart et al., 2005).  The spectra obtained 
from the test samples displayed stretching bands consistent with lipids and fatty acids.  
This method was therefore determined to be acceptable for the extraction and detection of 
lipid by-products from the fluid samples.     
3.6.2 FAME Analysis  
 The FAME extraction method by O’Fallon et al. (2007) was tested on 
decomposition fluid to determine whether fatty acids were present and, if so, whether they 
could be extracted and detected by GC-MS.  Blood, diluted blood, and late stage fluid 
were used for testing.  1mL of each extracted fluid was transferred to GC vials, with 
100µL of C19:0 internal standard and 900 µL of hexanes, to yield a total final volume of 
2mL.  After detection using GC-MS, it was determined that fatty acids were present in all 
samples.  The diluted samples yielded the smallest peaks, the blood yielded intermediate-
sized peaks, and the late stage fluid produced large and irregularly-shaped peaks.  It was 
concluded that different volumes of each type of fluid collected throughout 
decomposition would be required to produce valid results.  Therefore, 2mL of fluid was 
the target volume, unless samples were diluted with rain, in which case more than 2mL 
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was used. Following sample collection from the later stages of decomposition, less 
sample was used and less extract was added to the GC vials to improve peak shape.   
3.6.3 Conclusions  
 The laboratory methods applied to the decomposition fluid samples proved to be 
effective at extracting and detecting lipids and fatty acids, after slight modifications were 
made to the original procedures.  A method initially applied to adipocere was successful 
in yielding results indicative of lipids using ATR-IR.  The same FAME extraction and 
GC-MS detection method employed for the tissue samples can be used for the 
decomposition fluid.  These two analytical methods were therefore used in Trials 2, 3, and 




3.7 Method Validation  
 Method validation was carried out to demonstrate the reliability of the extraction 
and detection methods for the identification and quantification of FAMEs using GC-MS.  
Before beginning the validation work, a new GC column was installed and mixed FAME 
and BAME standards, with the addition of freshly made C19:0 internal standard, were 
analysed to update the compound table used to identify peaks of interest.       
3.7.1 Compound Table Reliability 
 Prepared FAME standards were individually analyzed by GC-MS to determine the 
reliability of the software and compound table when detecting peaks of interest.  Myristic, 
palmitic, palmitoleic, stearic, oleic, and linoleic acid methyl esters peaks were identified. 
Based on the mass spectra of the FAME standards, the software detected each compound 
with a relative match value above 850, or at least 85% confidence.    
3.7.2 Limit of Detection 
 The prepared FAME standards were used to create solutions in a range of 
concentrations to determine the limit of detection (LOD).  It was determined that the 
dominant fatty acids could all be detected and quantified from the 1mg/L standard.  1µL 
of each standard was injected onto the GC-MS, indicating that the instrument was capable 
of detecting FAMEs when their mass was only 1x10
-6
mg.  Myristic and palmitic acids 






3.7.3 Testing Linearity  
To test the linearity of the FAMEs of interest, the following pure fatty acid 
standards were derivatized using the FAME method by O’Fallon et al. (2007): myristic 
(99-100%), palmitic (minimum 99%), palmitoleic (99%), stearic (≈99%), oleic (≈99%), 
and linoleic (≥99%) acids (Sigma-Aldrich, Canada).  The dried product of each standard 
was used to prepare 1000mg/L stock concentrations and mixed standards in 
concentrations of: 100, 50, 25, 10, 1, and 0.5mg/L.  The mixed standards, with added 
internal standard, were analyzed by GC-MS.  The relative peak areas were calculated by 
determining the ratio of the analyte of interest to the internal standard and the results were 
plotted with the line of best fit (Figure 3.10).  Each FAME standard was detected and 
quantified except for linoleic acid; it was not detected in any of the mixed standards.     
 
Figure 3.10. Standard linearity results for myristic, palmitic, palmitoleic, stearic, and oleic acids 
 
The correlation coefficient of each FAME standard was greater than 0.96, 
however only palmitoleic and oleic acids resulted in correlation coefficients less than 0.99 





































affects the linearity of the results.  Myristic and palmitic acids, both SFAs, produced the 
highest correlation coefficients (Figure 3.10).  The degree of correlation of stearic acid 
was lower than the other SFAs, which may indicate that as the carbon chain length 
increases, the correlation decreases.    
3.7.4 Intra-run Precision 
 Mixed FAME standards were used to determine the intra-run precision 
capabilities of the GC-MS.  The mixed standards with concentrations of 5mg/L and 
100mg/L were used to test the precision of both low and high concentrations.  One vial of 
each standard was prepared with the internal standard added.  Each standard was analyzed 
five times in one day (Tables 3.4 & 3.5).       
 
Table 3.4. Intra-run precision peak area results from 5mg/L mixed standard 
  
Nonadecanoic 
(IS) Myristic Palmitoleic Palmitic Oleic Stearic 
Run 1 2.16E+06 348577 81145 116476 21038 7491 
Run 2 2.07E+06 294017 88743 84618 16476 46281 
Run 3 1.94E+06 265114 76317 107192 22037 10382 
Run 4 2.01E+06 245599 53476 86111 25132 24712 
Run 5 1.71E+06 243226 67052 71889 22264 13155 
Average 1.98E+06 279306.6 73346.6 93257.2 21389.4 20404.2 
Std Dev 169519.3 43744.22 13612.04 18135.57 3140.714 15873.82 








Table 3.5. Intra-run precision peak area results from 100mg/L mixed standard 
  
Nonadecanoic 
(IS) Myristic Palmitoleic Palmitic Oleic Stearic 
Run 1 1.47E+06 2.69E+07 1.53E+07 2.14E+07 4.76E+06 1.04E+07 
Run 2 1.03E+06 2.82E+07 1.69E+07 2.26E+07 5.99E+06 1.08E+07 
Run 3 1.83E+06 2.89E+07 1.71E+07 2.34E+07 6.07E+06 1.14E+07 
Run 4 1.72E+06 2.97E+07 1.89E+07 2.45E+07 7.17E+06 1.29E+07 
Run 5 1.95E+06 3.04E+07 1.84E+07 2.47E+07 6.65E+06 1.32E+07 
Average 1.60E+06 28818000 17298000 23308000 6127800 11742000 
Std Dev 364443 1371649 1378448 1373852 900245.4 1246503 
%RSD 22.76062 4.759694 7.968831 5.894338 14.69117 10.61576 
 
 The percent relative standard deviation (%RSD) values were lower in the 
100mg/L standard, compared to the 5mg/L standard, indicating better precision.  The 
values for the 5mg/L standard were generally acceptable (less than 20% RSD), except for 
stearic acid (78% RSD).  It is unclear why the stearic acid peaks resulted in a wide range 
of values, especially since this was not observed in the 100mg/L standard.  The RSD 
values for the 100mg/L standard were all below 15%, except for nonadecanoic acid, with 
an RSD of 23%.  It appears that higher concentrations of analytes yield more precise, and 
therefore more reliable, results than lower concentrations when analyzed on the same day.    
3.7.5 Inter-run Precision  
 The same mixed FAME standards used to test the intra-run precision (5mg/L and 
100mg/L) were used to test the inter-run precision of the method.  One vial of each 
standard was prepared with the internal standard added.  Each standard was analyzed 
once a day for five consecutive days (Tables 3.6 & 3.7).  The cap of the GC vial was 




Table 3.6. Inter-run precision peak area results from 5mg/L mixed standard 
  
Nonadecanoic 
(IS) Myristic Palmitoleic Palmitic Oleic Stearic 
Day 1 1.71E+06 73453 116013 154940 44011 25661 
Day 2 1.58E+06 324674 110727 147544 25609 40774 
Day 3 1.33E+06 313906 87789 47154 20101 13354 
Day 4 1.58E+06 312184 97824 153424 21906 38586 
Day 5 1.42E+06 320505 85665 99337 30248 13012 
Average 1.52E+06 268944.4 9.96E+04 1.20E+05 2.84E+04 2.63E+04 
Std Dev 150044 109398.8 13509.5777 46981.35 9564.915 13276.09 
%RSD 9.857049 40.6771 13.5633428 38.99521 33.70895 50.52284 
 
Table 3.7. Inter-run precision peak area results from 100mg/L mixed standard 
  Nonadecanoic Myristic Palmitoleic Palmitic Oleic Stearic  
Day 1 1.92E+06 7.81E+06 1.98E+07 2.53E+07 8.52E+06 1.51E+07 
Day 2 1.74E+06 2.93E+07 1.93E+07 2.46E+07 7.53E+06 1.44E+07 
Day 3 907984 2.95E+07 1.83E+07 2.41E+07 6.69E+06 1.18E+07 
Day 4 1.51E+06 2.98E+07 1.88E+07 2.43E+07 7.78E+06 1.43E+07 
Day 5 1.75E+06 2.95E+07 1.91E+07 2.45E+07 7.10E+06 1.30E+07 
Average 1.57E+06 2.52E+07 1.91E+07 2.45E+07 7.52E+06 1.37E+07 
Std Dev 396225.4 9707392 564650.334 429336.7 692850.1 1292768 
%RSD 25.30827 38.56792 2.96186705 1.749253 9.210737 9.42251 
 
 The %RSD values obtained from the 5mg/L standard ranged from 13-50%, with 
nonadecanoic acid having the smallest value (10%).  In contrast, the %RSD values 
obtained from the 100mg/L standard ranged from 1-38%.  However, the peaks obtained 
from myristic acid yielded %RSD values that were considerably higher (highlighted in 
red and italicized in Tables 3.6 & 3.7).  Upon closer observation of the peak area results, 
it was observed that the values from Day 1 were much lower than the values from all 
other replicate days.   
Q tests were performed to determine whether these values should be rejected.  The 
peak area from the 5mg/L standard could be rejected at the 95% confidence level, 
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yielding an average of 317817.25, a standard deviation of 5810.06, and a %RSD of 
1.828114, producing the lowest %RSD value among the FAMEs in the 5mg/L standard.  
The peak area from the 100mg/L standard could be rejected at the 99% confidence level, 
yielding an average of 2.95E+07, a standard deviation of 225388.6, and a %RSD of 
0.76377, also producing the lowest %RSD value among the FAMEs in the 100mg/L 
standard.  With the removal of the Day 1 myristic acid peak from the 100mg/L standard, 
the %RSD of nonadecanoic acid becomes the largest, at 25%, which is similar to the 
value obtained from the intra-precision results of the 100mg/L standard.  The results 
suggest that higher concentrations of analytes yield more precise, and therefore more 
reliable, results than lower concentrations when analyzed on different days.    
3.7.6 Conclusions 
 Validation of the FAME extraction and detection methods demonstrated that 
FAMEs are effectively extracted and reliably detected by GC-MS.  The major FAMEs 
present in human and porcine tissue can be detected by the GC-MS and associated 
software with reliability and can be detected and identified at concentrations of at least 
1mg/L (or as low as 1*10
-6 
mg).  GC-MS was also capable of yielding results that 
correlated with the concentration of FAMEs detected, evidenced by the correlation 
coefficients over 0.96 for all major fatty acids.  GC-MS was successful in reliably 
detecting replicate FAMEs in the appropriate amounts within the same day and between 




   
 



















Decomposition stages currently published in literature, although commonly 
utilized by researchers, cannot always accurately describe decomposition occurring under 
varying conditions.  Conditions which alter the rate and process of decomposition 
complicate the characterization of stages.  Although Payne (1965) outlined stages for 
carcasses decomposing in the presence, as well as the absence, of insects (see Section 
1.1.1), stages need to be established for carcasses which may be partially colonized by 
insects, but which largely exclude them throughout decay.  This type of decay may occur 
when bodies are discovered in enclosed environments that inhibit entry by insects, when 
placed in environments with climatic conditions which do not favour insect activity (e.g. 
Canadian winters), or conditions where the body was wrapped or concealed, thus 
delaying colonization.  Therefore, decomposition stages exhibited by each group of 
carcasses in this study (i.e. insect inclusion and exclusion) were categorized and the 
differences in the decomposition processes between each set will be highlighted.   
4.1 Carcass Groups 
 The control (insect inclusion) and experimental (insect exclusion) groups 
consisted of three carcasses each; however the carcasses in the insect exclusion group 
were divided into one of two categories, based on whether insects gained access even for 
a short period of time.  When insects were able to gain localized access to carcasses in the 
experimental group, they were categorized as being ‘partially excluded’ and efforts to 
further prevent the entry of insects were continued even after initial colonization.  When 
insects were prevented from gaining access throughout the entire study period, the 
carcasses were categorized as being ‘completely excluded’.  Three carcasses in Trial 2 
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and two carcasses in each of Trials 3 and 4 were categorized as partially excluded, and 
one carcass in each of Trials 3 and 4 were categorized as completely excluded.   
4.2 Results  
4.2.1 Weather Data  
The mean temperatures in Trials 2 and 3 were comparable (20.4°C and 20.3°C, 
respectively), but the mean temperature in Trial 4 was lower (18.9°C).  Temperatures in 
all three years followed similar trends (Figure 4.1), whereby temperatures gradually 
increased from the beginning of the study until mid-July (around experimental day 45), 
and then slowly decreased until the end of the study.  During Trial 2, there was a period 
of approximately three weeks when there was no precipitation, accompanied by very hot 
and humid conditions, after which the majority of the precipitation in this trial was 
received.  Precipitation occurred regularly during Trial 3 and frequently in Trial 4.  The 
highest precipitation was received during Trial 4 (Figure 4.1).   
 




In Trial 4, data loggers were placed within the container of each of the exclusion 
carcasses to determine whether the protective netting influenced the temperature 
experienced by the carcasses, which would inevitably affect the decomposition process.  
The average daily temperatures recorded from each of the data loggers was compared to 
those recorded from a data logger placed above one of the inclusion carcasses, which 
served as a control.  One way ANOVAs were performed using SigmaPlot version 12.5, 
which concluded that the daily temperatures experienced by each of the experimental 
carcasses were not significantly different (p<0.05) from the control group, meaning that 
the exclusion design did not affect the decomposition process of the exclusion carcasses.   
4.2.2 Decomposition Stages  
4.2.2.1 Insect Inclusion (Control)  
The process of decomposition among the control carcasses was described using 
Payne’s (1965) six stages: fresh, bloat, active decay, advanced decay, dry, and remains.  
A summary of the stages can be found in Table 4.1 (pages 96-97). 
The physical appearance of carcasses during the fresh stage was consistent with 
observations made in other studies, whereby the carcasses did not exhibit any putrefactive 
changes, such as discolouration (Figure 4.2a).  The fresh stage lasted two days for all 
carcasses during each trial (until 29 ADD in Trials 2 and 3, and 47 ADD in Trial 4) 
(Figure 4.3).   
The bloat stage was characterized by the distension of the abdomen, causing the 
limbs to become raised, as well as marbling in the ventral areas and limbs (Figure 4.2b).  
Fluids (mainly blood) were purged from the mouth and anus during this time.  The 
carcasses in Trials 2 and 4 also produced fluid blisters, mainly in the areas between their 
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forelimbs and hind limbs.  The overall bloated appearance of the carcasses in Trial 3 was 
not as extensive as that observed in Trials 2 or 4, and there was less marbling and 
discolouration observed.  Calliphoridae were observed on and around the carcasses 
throughout this stage, although there was less activity observed on the carcasses in Trial 
2.  The bloat stage persisted until experimental day 4 (88 and 98 ADD) in Trials 2 and 4, 
respectively, and until experimental day 8 (118 ADD) in Trial 3 (Figure 4.3).  
    
 
Figure 4.2. Insect inclusion decomposition stages: a. fresh, b. bloat, c. active decay, d. 
advanced decay, e. dry, f. remains 
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The active decay stage began at the first sight of maggot activity, which was 
typically observed in the head region (Figure 4.2c).  Eventually, the maggots covered the 
entire body, forming masses, and feeding on all available tissue.  The feeding of the 
maggots created strong odours of ammonia and caused the hair to slough away from the 
skin.  The skin had a leathery appearance in the areas where maggots fed that varied in 
colour from dark orange, red, and/or purple.  Ventral skin and outer edges of skin from 
the carcasses in Trial 2 also turned black.  Bones were first exposed in the head (exposing 
the skull and mandible) and limbs, leading to their disarticulation.  The exposure of bones 
was more rapid in Trial 3 than in Trials 2 or 4.  During late active decay, the maggots 
were primarily observed along the perimeters of the carcasses, especially in areas that 
were in contact with the walls of the containers, such as the dorsal regions.  The end of 
the stage was signalled by the migration of maggots away from the carcasses to pupate.  
The active decay stage persisted until experimental day 8 (169 ADD) in Trial 2, day 12 
(222 ADD) in Trial 3, and day 10 (185 ADD) in Trial 4 (Figure 4.3).     
During advanced decay, much of the available cadaveric material had been 
removed and as a result, few insects remained on or around the carcasses (Figure 4.2d).  
More tissue remained on the carcasses in Trials 2 and 4 when compared to the same stage 
in Trial 3.  The skin of all carcasses gradually lost moisture, becoming progressively more 
rigid.  The thickness of the skin also decreased, which was most evident among the 
carcasses in Trial 3.  Additional bones became exposed during this stage.  Fluid was no 
longer purged from the carcasses and the odours were reduced.  The end of the advanced 
decay stage was observed after 70 days (1498 ADD) in Trial 2, only 19 days (341 ADD) 
in Trial 3, and after 18 days (326 ADD) in Trial 4 (Figure 4.3).  
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The onset of the dry stage was difficult to detect, however it was characterized by 
the drier appearance of the skin (Figure 4.2e).  In Trial 2, the skin was orange, rigid, and 
crumbly; the skin in Trial 3 was brown, thin, and translucent in areas; and the skin in Trial 
4 was rigid, orange-beige in colour, and retained hair in patches.  The most bones that 
were exposed were in Trial 3, and Trial 2 had the least exposed.  The dry stage was the 
last stage observed among the carcasses in Trials 2 and 4, which ended after 111 days 
(2201 ADD and 2112 ADD, respectively) (Figure 4.3).  The dry stage was much shorter 
during Trial 3 than the other trials and ended after 22 days (435 ADD) (Figure 4.3).   
The remains stage was only observed during Trial 3.  Only bones, bleached by the 
sun, and small patches of thin, beige skin remained (Figure 4.2f).  The remaining skin 
blackened over time.  The study was concluded after 106 days (2155 ADD) (Figure 4.3). 
 
Figure 4.3.  Onset of the insect inclusion decomposition stages during  Trials 2, 3, and 4         
















4.2.2.2 Partial Insect Exclusion  
The stages that Payne (1965) established for carcasses decomposing in the 
absence of insects, could not be applied to the carcasses in this study because insects 
eventually gained limited access to all three carcasses in Trial 2, and to two of the three 
carcasses in Trials 3 and 4.  As a result, the insects altered the decomposition process, 
thus necessitating the creation of five new stages to characterize decomposition: fresh, 
bloat, localized tissue removal, dry decomposition, and desiccation.  A summary of the 
description of the stages can be found in Table 4.1 (pages 96-97).   
The appearance of the carcasses during the fresh stage was the same as that 
observed among the control carcasses (Figure 4.4a).  There were few visible changes, and 
like the inclusion group, this stage lasted two days (29 ADD for both Trials 2 and 3, and 
47 ADD for Trial 4) (Figure 4.5).   
The carcasses exhibited similar appearances to the inclusion carcasses during the 
bloat stage (Figure 4.4b).  The production of gases within the bodies caused the overall 
bloated appearance, causing distension in the abdomen and raised limbs.  Again, the 
extent of bloat was reduced among the carcasses in Trial 3, compared to those in Trials 2 
and 4.  The carcasses in Trial 2 exhibited extensive marbling in the abdomen, neck, and 
lower limbs, more so than in Trials 3 and 4.  Internal organs (mainly the intestines) 
became exposed through post mortem skin ruptures of the abdomen in all carcasses 
during Trial 2, but this was not observed in Trials 3 or 4.  The bloat stage persisted until 
experimental day 6 (133 ADD) for Trial 2, experimental day 9 (157 ADD) for Trial 3, 





Figure 4.4. Partial exclusion decomposition stages: a. fresh, b. bloat, c. localized tissue 




Efforts were taken to exclude the entry of insects from the carcasses for as long as 
possible.  Although no flies gained direct access to the carcasses, flies oviposited on any 
parts of the carcasses that were in contact with the protective netting (most often the 
upper hind limbs and abdomen) during the bloat stage.  Attempts were made to remove or 
desiccate the eggs with denatured alcohol, but when the carcasses deflated, some 
remaining eggs hatched into first instar larvae.  However, they were unable to completely 
cover the carcasses and feed on all available cadaveric material (Figure 4.4c).    Maggots 
were only observed feeding on localized areas of the head and dorsal regions.  Further 
entry of insects was prevented for the remainder of the study, so that only one wave of 
insects colonized the carcasses in these localized areas.    
The feeding of the maggots was confined to the areas in which they initially 
gained access, demonstrating localized tissue removal.  Strong odours of ammonia were 
detected despite their smaller numbers.  Areas where maggots were present caused the 
hair and epidermis to peel away from the dermis.  This led to changes in the appearance 
of the skin, resulting in an orange discolouration.  Maggot masses were capable of 
removing sufficient portions of soft tissue to expose bones.  This was most often observed 
in the head, limbs, and dorsal regions where bones are closest to the skin surface.  The 
maggots only fed for a few days before migrating.  In Trial 2, the majority of maggots had 
migrated by experimental day 11 (219 ADD), only feeding for 2-6 days.  During Trial 3, 
the maggots were present on the carcasses for a longer period of time, until experimental 
day 18 (340 ADD) and fed for 8 days, and during Trial 4, maggots had completely 
migrated by day 15 (272 ADD), having fed for 6-10 days (Figure 4.5).     
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Following the migration of maggots away from the carcasses to pupate, the 
carcasses took on a dryer appearance (Figure 4.4d) during the dry decomposition stage.  
Areas of the carcasses where maggots had fed were smooth and hairless.  Hair remained 
on areas that had been untouched by maggots.  The skin appeared leathery, however the 
underlying tissue remained moist.  In some areas (mainly the lower torso), the skin 
became very thin, allowing bones to protrude.  A large amount of moist soft tissue 
remained on the carcasses, especially in the abdominal region but these tissues gradually 
lost moisture throughout this stage.  The retention of soft tissue allowed the carcasses to 
maintain their general body form and decomposition proceeded in the absence of insect 
activity.  Little soft tissue remained beneath the thin skin in the lower torso and dorsal 
areas, due to removal by maggots.  The skin in these areas was often separated from the 
tissue beneath.   This was in contrast to the tissue in the upper torso which was thicker 
and still attached to skin.  The carcasses gradually flattened during this stage.  Microbial 
driven decomposition continued to take place within the carcasses (observed by the 
changes in tissue consistency), however few visible macroscopic changes were observed 
externally in the carcasses.  The dry decomposition stage persisted until the end of the 
study in Trial 4 (experimental day 111; 2112 ADD), which was longer than in Trial 2 
(experimental day 69; 1498 ADD), and considerably longer than in Trial 3 (experimental 
day 34; 682 ADD) (Figure 4.5). 
The transition from dry decomposition to desiccation was difficult to determine 
due to the lack of external physical changes in the carcasses.  The main indicator was the 
overall dry appearance of the carcasses, noted by the texture of the skin and underlying 
soft tissue (Figure 5.4e).  The skin no longer retained moisture and was hard and 
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shrivelled, especially in the lower torso.  Desiccated soft tissue primarily remained in the 
abdominal area but the body form was well defined in all carcasses.  A large amount of 
soft tissue remained on the carcasses in Trial 2 than in Trial 3.  Blackening of patches of 
skin was observed in Trial 3 near the end of the study.  These were typically located 
around areas where bones were exposed and often observed following precipitation.   
Exposed bones in Trials 2 and 3 became bleached by the end of this stage, 
especially the skull and limb bones.  However, bones partially protected with skin in the 
upper and lower torsos, such as exposed ribs and vertebrae, maintained their natural 
colour.  The last observations were made on experimental day 111 (2201 ADD) for Trial 
2 and experimental day 105 (2155 ADD) for Trial 3 (Figure 4.5).  Desiccation was 
therefore the last stage observed for the partially excluded carcasses during Trials 2 and 3.   
 
Figure 4.5. Onset of the partial exclusion decomposition stages during Trials 2, 3, and 4 
 













4.2.2.3 Complete Insect Exclusion  
One carcass in each of Trial 3 and 4 was completely excluded from insect activity 
throughout the entire study (105 and 111 experimental days, respectively).  These 
carcasses therefore decomposed differently than the partially excluded carcasses, 
warranting an adaptation of the descriptive stages for decomposition: fresh, bloat, 
deflation, and dry decomposition.  A summary of the description of these stages can be 
found in Table 4.1 (pages 96-97).   
The appearance of the carcasses during the fresh stage was the same as that 
observed among all other carcasses (Figure 4.6a).  There were few visible changes and 
this stage lasted two days in each trial (29 and 47 ADD in Trials 3 and 4, respectively) 
(Figure 4.7). 
 




The bloat stage exhibited similar characteristics to the other carcasses, such as the 
overall bloated appearance of the body (Figure 4.6b).  The abdomen was distended and 
the limbs were raised.  Marbling was observed in the lower abdomen, limbs, and neck 
areas.  This stage persisted for the same length of time as the partially excluded carcasses 
in Trial 3, (i.e. until experimental day 9; 157 ADD) and until experimental day 4 (98 
ADD) in Trial 4 (Figure 4.7).     
Gases and fluids were purged from the carcasses following bloat, leading to 
extensive deflation of the body (Figure 4.6c).  The limbs fell limp over the body and the 
carcass slowly flattened.  No localized tissue removal was observed due to a lack of insect 
activity.  The collected tissue was viscous, oily, and still pink in colour.  The areas of the 
body which were discoloured due to marbling gradually took on a ‘wet dog’ appearance, 
characterized by wet, matted, dirty looking hair.  The odour of this carcass was different 
from all others and smelled like the odour associated with domestic livestock rather than 
the foul odour usually attributed to decomposition.  Most of the teeth had fallen out by the 
end of this stage, which persisted until experimental day 20 (391 ADD) in Trial 3 and 
until day 41 (803 ADD) in Trial 4 (Figure 4.7). 
The transition to the dry decomposition stage was difficult to determine, but was 
noted when areas of the skin and collected tissue appeared or felt dryer (Figure 4.6d).  No 
physical removal of soft tissue occurred and the body form was well preserved.  All of the 
skin remained covering the bones, and hair still covered the entire body.  Near the end of 
the study, the skin/body became hard.  Due to the amount of soft tissue remaining, 
moisture was lost more slowly than from the partially excluded carcasses.  Few visible 
changes were observed in the carcasses, but microbial driven decomposition was still 
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occurring internally, as noted by the change in consistency of the collected tissue.  This 
was the last stage observed for these carcasses, with observations concluding on 
experimental day 105 (2155 ADD) in Trial 3 and 111 (2112 ADD) in Trial 4 (Figure 4.7).       
 
Figure 4.7. Onset of the complete exclusion decomposition stages during Trials 3 and 4 











Table 4.1.  Description of decomposition stages and their appearance in each trial 
Decomposition 
Stage 
Description   Carcass 
Group  
Appearance 
in Trial 2 
Appearance 
in Trial 3 
Appearance 
in Trial 4 
Fresh No putrefactive changes (no discoloration) 
Minimal macroscopic changes 
All Day 0; 13 
ADD 
Day 0; 17 
ADD 
Day 0; 25 
ADD 
Bloat Inflation of the abdomen and raised limbs 
Marbling in ventral areas and limbs 
Purging of fluids (mainly blood) from natural orifices  
Fluid blisters may be apparent  
All Day 2; 44 
ADD 
Day 2; 42 
ADD 
Day 2; 68 
ADD 
Active Decay Maggots feed on entire carcass in large masses 
Strong odours of ammonia 
Hair sloughing away from skin 
Exposed skin becomes leathery and may be discoloured 
(e.g. orange, red, purple) 
Some exposure of bones, particularly in the head and 
limbs 
Frothing of purged fluids 
Control Day 5; 109 
ADD 
Day 8; 138 
ADD 




Minimal soft tissue remaining  
Few insects present  
Skin becomes more discoloured (orange, beige, brown) 
Skin begins to lose moisture, becomes rigid, and 
thickness decreases  
Additional bone exposure, typically ribs and vertebrae 
Fluids dried out and no longer purging  
Odours becoming less intense   
Control Day 9; 178 
ADD 
Day 13; 238 
ADD 
Day 13; 237 
ADD 
Dry Only dry skin and bones remain 
Skin may be hard and rigid or thin and translucent  
Exposed bones may appear dirty but become dry and 
bleached with time  
Control Day 83; 
1775 ADD 
Day 20; 391 
ADD 
Day 20; 357 
ADD 
Remains  Bones, teeth, and small patches of skin remain Control N/A Day 27; 526 N/A 
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Bones and teeth are dry and bleached   ADD 
Localized 
Tissue Removal 
Small, localized maggot masses confined to areas to 
which they gained access (typically head and dorsal 
regions) 
Strong odours of ammonia 
Hair and epidermis peel away from dermis in areas where 
maggots have fed  








Day 9; 178 
ADD 




Day 18; 341 
ADD 




Day 11; 201 
ADD 
Deflation Gases and fluids are purged from the body 
Limbs fall limp and abdomen extends horizontally 
Wet, matted, dirty-looking hair  
Teeth fall out 
Odours characteristic of domestic livestock 
Complete 
Exclusion 
N/A Day 10; 179 
ADD 




No insect activity  
Large amount of soft tissue remains (body form intact) 
Carcass no longer appears wet (dry appearance) 
Localized areas where maggots fed are smooth and 
hairless  
Skin of areas where maggots fed is orange or purple-
brown in colour and leathery, but underlying tissue is 
moist  
Tissues gradually lose moisture  
Body begins to flatten  
Limited exposure of bones (mainly those close to skin 




PE: Day 11; 
219 ADD 
PE: Day 20; 
391 ADD 
 
CE: Day 22; 
435 ADD 
PE: Day 13; 
237 ADD 
 
CE: Day 55; 
1119 ADD 
Desiccation Overall dry appearance  
Dry, hard, shrivelled skin 
Dry, underlying soft tissue  
Relatively well- defined body form  










4.3 Discussion  
4.3.1 Insect Inclusion 
 The fresh stage persisted for two days in all trials for all carcasses.  This is 
comparable to other studies in different geographic regions of North America (Anderson 
& VanLaerhoven, 1996; Payne, 1965).  
The bloat stage lasted almost twice as long in Trial 3 than it did during Trials 2 
and 4.  The longer bloat stage experienced during Trial 3 may be explained by the cool 
temperatures and the large amount of precipitation received during the first week (Figure 
4.1).  The temperatures during the beginning of Trials 2 and 4 ranged from the mid-teens 
to mid-twenties (degrees Celsius), while those in Trial 3 ranged from low to high teens 
(Figure 4.1).  Further, the total amount of precipitation received during this time was 
approximately 16.5mm in Trial 2, 28.4mm in Trial 3, and 48.3mm in Trial 4 (Figure 4.1).   
Many studies have found that temperature greatly affects the rate of decay, with 
cold weather slowing the process (Goff, 2009; Mann et al., 1990) and preserving tissues 
longer (Campobasso et al., 2001).  This results from the microorganisms originating 
within the body and from the surrounding environment, which aid in decomposition, and 
whose activity is governed by temperature (Mann et al., 1990).  This may also explain 
why the overall bloated appearance of carcasses in Trial 3 was not as extensive as those in 
Trials 2 or 4.  Microorganisms are responsible for the bloating of carcasses, caused by the 
fermentation of gases produced as they feed (Anderson & VanLaerhoven, 1996; Goff, 
2009).  Cooler temperatures will slow their activity and subsequently minimize the 
amount of gases produced.  It has also been reported that temperature is the most 
important factor that influences the length of time a particular stage persists, as well as the 
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rate at which is proceeds (Gill-King, 1997).  Rainy, overcast, and cool weather was also 
observed to limit fly activity and bloating (Sharanowski et al., 2008).   
 The prolonged bloat stage led to the delayed onset of the active decay stage in 
Trial 3 (Figure 4.3).  The active decay stage is typically observed when maggots begin 
feeding on carcasses.  It is probable that insect activity was affected by the lower 
temperatures experienced in this trial.  Temperature has a direct effect on insect activity 
(Archer, 2004) and their rate of development (Anderson & VanLaerhoven, 1996; 
Campobasso et al., 2001), with low temperatures delaying colonization (Goff, 2009), and 
thus the onset of the active decay stage.  During moderate to heavy rainfall, fly activity 
and oviposition may be reduced or prevented (Mann et al., 1990), which will 
subsequently delay the onset of decomposition stages (Anderson & VanLaerhoven, 
1996).  It has also been observed that reduced oviposition occurs during light rain and 
drizzle (Shean et al., 1993).  During the first week of Trial 3, light to moderate rainfall 
was experienced almost daily (Figure 4.1).  In addition, insects are influenced by sunlight, 
whereby successional cloudy days will prevent oviposition (Galloway et al., 1989).  
Overcast days accompanied the precipitation, which may have also contributed to the 
delayed oviposition and feeding of maggots.  Active decay was shorter during Trials 2 
and 4 than in Trial 3 (Figure 4.3) and was likely the result of higher temperatures and 
direct sunlight. 
 Advanced decay persisted the longest in Trial 2 (Figure 4.3).  This may be 
explained by the large amount of soft tissue remaining on the carcasses during this time.  
The amount of soft tissue present prevented the rapid loss of moisture (Aturaliya & 
Lukasewycz, 1999), which would have otherwise promoted the onset of the dry stage.  
100 
 
Slow moisture loss occurred despite the dry conditions experienced between experimental 
days 28-52 (558-1130 ADD) (Figure 4.1).  During this time, no precipitation was 
received, which in turn affected the air humidity, which dropped to 60-70%.  It was 
assumed that this would accelerate the loss of moisture and thus the onset of the dry stage, 
however this did not occur and the remains stage was not observed in Trial 2.     
 The dry stage persisted the longest in Trial 4 (Figure 4.3).  Due to the short active 
decay stage experienced, a large amount of soft tissue remained on the carcasses during 
this trial, which may have contributed to the prolonged dry stage and prevented the onset 
of the remains stage.  Despite the frequency and amount of precipitation received during 
this trial, the dry stage was observed within the first month and persisted for most of the 
study.  A lower average temperature was experienced throughout this study, compared to 
Trials 2 and 3 (Figure 4.1), which likely influenced the rate of decay (Gill-King, 1997; 
Mann et al., 1990) and removal of the remaining soft tissue from the carcasses during the 
later stages of decomposition.       
 The remains stage was only observed in Trial 3 and became apparent within the 
first month of the study (Figure 4.3).  It followed a very short dry stage, which was the 
shortest observed among all trials.  The longest active decay stage was experienced 
during Trial 3, which allowed for the greatest removal of soft tissue by insects.  Loss of 
cadaveric material promoted the rapid drying of tissues (Aturaliya & Lukasewycz, 1999).  
Warm temperatures aided in further removal of the remaining tissue and the exposure of 
bones, thus leading to the remains stage.      
It is clear that despite the studies taking place during the same months and seasons 
each year, the rate of decomposition was highly variable.  The rate of decay for the 
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inclusion carcasses was dependent on the climatic conditions experienced during each 
study, of which temperature and precipitation were most influential.  These factors were 
especially important during the early stages of decomposition, and influenced the rate of 
decay for the remainder of the study.  The carcasses passed through the typical 
decomposition stages, but the last stage, the remains stage, was only observed when the 
rate of decay was rapid, caused by extensive removal of soft tissue by maggots.   
4.3.2 Partial Insect Exclusion 
The fresh stage in each year and the length of the bloat stage between years were 
consistent with those observed for the control carcasses (Figures 4.2a,b & 4.4a,b; Figures 
4.3 & 4.5).  The extended bloat stage during Trial 3 and the short bloat stage in Trial 4 are 
similar to those observed among the control carcasses (Figures 4.3 & 4.5) and was the 
result of environmental factors, mainly temperature and precipitation.  The partially 
excluded carcasses, however, persisted longer in the bloat stage than the control carcasses 
(Figures 4.3 & 4.5).  This correlates with previous observations that the decomposition 
process is slowed when insects are excluded (Payne, 1965; Simmons, Cross, et al., 2010) 
particularly during the bloat stage (Anderson & VanLaerhoven, 1996).  
Insects gained access to the carcasses on experimental day 7 (153 ADD) in Trial 
2, on experimental day 10 (179 ADD) in Trial 3, and on experimental day 6 (126 ADD) 
in Trial 4, initiating the localized tissue removal stage (Figure 4.5).  Few studies have 
reported the delay in insect colonization in an outdoor terrestrial environment.  Studies on 
cadavers inside a vehicle environment observed a delay of one day (Voss, Forbes, & 
Dadour, 2008), wrapping a corpse in a blanket led to a delay of 2.5- 3 days (Goff, 2009), 
and carcasses placed in water were colonized on the exposed abdomen by day 5 
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(Tomberlin & Adler, 1998).  An indoor study observed a delay of 10 days for 
colonization (Anderson, 2011).  Hence, for an outdoor study, this was the longest 
observed colonization delay, based on available published data.  
Once maggots began feeding on the carcasses, they were localized to the areas in 
which they gained access (Figure 4.4c).  In contrast to the control carcasses, the maggots 
did not feed on all available cadaveric material.  They were typically confined to the head, 
upper fore- and hind limbs, and/or posterior regions due to their contact with the 
protective netting during the bloat stage, which is where flies oviposted.  Insect 
colonization often occurs first in the head regions because of the natural orifices which 
provide moist environments and promote maggot development (Amendt, Krettek, & 
Zehner, 2004; Anderson & VanLaerhoven, 1996).  Goff (1992) also observed that despite 
barriers preventing insect access, flies were able to gain access to the head region first in 
carcasses wrapped in blankets.  In the current study, flies were also attracted to the head 
region and managed to lay eggs on or near that area, even without gaining direct access to 
the carcasses.   
The localized tissue removal stage persisted for a longer time than the active 
decay stage in the insect inclusion carcasses because fewer maggots and smaller maggot 
masses were present on the partial exclusion carcasses.  It has been observed that the rate 
of active decay (or a stage involving the feeding of maggots) is affected by the number of 
concurrently feeding larvae and their feeding rate (Matuszewski, Bajerlein, Konwerski, & 
Szpila, 2010), so that if there are fewer maggots, the length of the stage will be prolonged.  
Further, the more maggots that are present on a carcass and the greater the maggot 
masses, the more heat will be produced, which accelerates larval development (Shean et 
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al., 1993; Simmons, Adlam, et al., 2010).  Accelerating larval development results in the 
migration of maggots away from their food substrate to pupate, therefore ending the 
tissue removal stage.  Since there were only small, localized maggot masses present on 
these carcasses, the maggots had ample time to feed and develop, thus prolonging this 
stage.   
Overall, the carcasses retained a large amount of soft tissue (most of which was 
still moist), especially in the abdominal area.  This is likely the result of the limited 
number of maggots that were able to feed on the body and remove cadaveric material 
(Anderson, 2011).  A greater number of maggots present on a carcass will result in a 
faster rate of decomposition (Anderson & VanLaerhoven, 1996).  In other studies which 
observed delays in colonization, large amounts of soft tissue were removed, eventually 
leading to skeletonization (Tomberlin & Adler, 1998; Voss et al., 2008).  Those studies 
did not seek to prevent further colonization by insects once they gained access, whereas 
the present study did.  Once the maggots were satiated, they migrated from the carcasses 
to pupate, thus preventing renewed insect feeding and limiting the amount of tissue 
removal.   
Dry decomposition was the longest stage to persist in this study (Figure 4.5).  This 
stage was also observed by Voss, Forbes, and Dadour (2008), who initially characterized 
this stage by a reduction of fluid and drying out of the body’s constituents.  Although the 
exterior skin appeared leathery (see Figure 4.4d), the underlying tissue retained moisture, 
presumably resulting from the protection of the tanned skin (Makristathis et al., 2002).  
During decomposition, moisture is lost first from superficial tissues, such as skin 
(Aturaliya & Lukasewycz, 1999).  This creates a gradient of tissue water concentration, 
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with higher moisture content in deeper tissues, which directs the subsequent movement of 
water from the deeper areas towards the skin surface (Aturaliya & Lukasewycz, 1999).  
This trend was also observed by Galloway et al. (1989) in their study observing the decay 
rates of human remains in an arid environment.   
Few visible changes were observed in the carcasses during dry decomposition, 
potentially because there was no longer any physical removal of tissue and only limited, 
biochemical changes occurring.  This stage was comparable to advanced decay in the 
control carcasses, however considerably more soft tissue remained on the partial 
exclusion carcasses after a comparable post-mortem period.  Dry decomposition persisted 
longer in Trial 2 than in Trial 3 (Figure 4.5), and was comparable to the advanced decay 
stage in the control carcasses, and was the final stage observed in Trial 4.   
The final stage observed for the partially excluded carcasses in Trials 2 and 3 was 
desiccation, which was characterized by dry, hard, rigid skin (Figure 5.4e).  This was also 
observed by Galloway et al. (1989), who described the skin as forming a mummified shell 
over the skeleton.  The body form was still well defined in all carcasses during this stage.  
The skin of carcasses in Trial 3 took on a mottled appearance following precipitation, 
potentially as a result of pockets forming in the skin from rain water that was present in 
the containers.  Payne (1965) also observed a mottled appearance during the mummy 
stage among his exclusion carcasses, however he attributed this to the colonies of fungi 
present on the carcasses.  No fungi were observed on the carcasses during these trials.  In 
addition to the mottled skin appearance, precipitation also caused the stale odour of the 
carcasses to become stronger and more pungent.  
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Skeletonization of the carcasses was not observed due to the onset of cooler 
temperatures and extensive amounts of soft tissue remaining.  As a result of the lower 
temperatures, the studies were all terminated after approximately four months, in mid-
September of each year.  At this time of year in southern Ontario, the temperatures start to 
decline rapidly, which considerably slows decomposition (Goff, 2009; Mann et al., 1990).  
Mummified skin and dry tissues have the ability to survive for long periods of time with 
little change (Galloway et al., 1989; Goff, 2009) and it was anticipated that no 
macroscopic changes would occur in the carcasses after the desiccation stage.  With more 
time and warmer temperatures, it is possible the carcasses could have reached 
skeletonization, however, it has been observed that when tissues have significantly 
desiccated, the rate of skeletonization is slowed (Janaway et al., 2009; Putman, 1978).       
4.3.3 Complete Insect Exclusion  
The only previously published study to categorize decomposition occurring in the 
absence of insects was reported by Payne (1965).  The current study attempted to 
replicate these conditions, however the stages outlined by Payne did not accurately 
describe the decomposition process observed in this study.  Payne (1965) outlined five 
stages of decomposition in the absence of insect activity: fresh, bloating and 
decomposition, flaccidity and dehydration, mummy stage, and desiccation and 
disintegration.  The current study only observed four stages of decomposition: fresh, 
bloat, deflation, and dry decomposition.  These differences are most likely due to the 
variation in geographical climate and the type of animal model used.   
The study by Payne (1965) took place in Clemson, South Carolina, which is 
characterized by a humid subtropical climate, which experiences an average relative 
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humidity between 66-75%, maximum daily temperatures between 21-27°C, and 
minimum daily temperatures between 4-7°C (National Climatic Data Center, 2011).  The 
current study took place in Oshawa, Ontario, which experiences cool winters, with 
average temperatures around -5°C, and warm summers, with average temperatures of 
17°C (Bernhardt, n.d.).  The percent relative humidity in each year ranged from 60-95%.  
The climate differences are expected to affect the decomposition process (Goff, 2009; 
Janaway et al., 2009; Mann et al., 1990), and may be the reason the carcasses proceeded 
through different decomposition stages.   
The choice of animal model also affects the overall decomposition process, due to 
a variety of factors, including body size, hair coverage, and gut flora (Payne, 1965).  Pig 
carcasses are most commonly accepted as decomposition study subjects because they are 
similar to humans in internal anatomy, fat distribution, hair coverage, and gut fauna 
(Schoenly et al., 2006).  However, it has been observed that neonatal pig carcasses, such 
as those used by Payne (1965), decompose differently from adult pig carcasses, because 
of their smaller body size, different bone composition, and variable populations of 
intestinal microbes (Archer, 2004).  Rare fatty acids have also been observed in adipocere 
from human neonates (Takatori, 2001), indicating that neonates may exhibit different 
fatty acid profiles to adults, which may also have an effect on decomposition.   
The first two stages (fresh and bloat) were comparable between both studies.  
However, Payne (1965) observed that the fresh stage lasted longer in carcasses with no 
insect activity, compared to those that were accessible to insects.  In the current study, the 
fresh stage lasted the same length of time for all carcasses: those available to insects, 
partially excluded from insects, and completely excluded from insects (Figures 4.3, 4.5, & 
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4.7); due to the negligible role played by insects during this time.  The bloat stage in the 
current study was also comparable to that observed among the other carcass groups 
(Figures 4.2b, 4.4b, & 4.6b).  In addition to bloating, Payne (1965) also described the skin 
as becoming oily, greasy, and blackening in appearance, which was not observed in this 
study.  The oily appearance may have resulted from the increased fatty acid content 
(brown adipose tissue) of baby pigs, which is not present in adults (white adipose tissue) 
(Aherne & Hull, 1964).     
Deflation of the carcasses and continued purging of the fluids occurred in the 
present study and was also observed by Payne (1965), although dehydration did not occur 
during this stage.  Deflation was the primary effect observed following bloat with few 
other macroscopic changes occurring (Figure 4.6c).  Payne (1965) described the odours 
associated with these carcasses as being similar to fermenting fruit juices.  Although it is 
unclear whether the carcasses in the Trials 3 and 4 produced the same odour, they did 
produce a milder odour that was different than the putrefactive decomposition odours 
associated with the carcasses in the other experimental groups.  It is hypothesized that the 
pungent odours associated with decomposition are initiated by the feeding of insects, 
which accelerate the breakdown of tissues and compounds in the carcasses.     
The final stage observed for the insect-excluded carcasses was dry decomposition.  
Very few external physical changes were observed during this stage.  Payne (1965) 
described the fourth stage of his study as the “mummy stage”.  While carcasses in both 
studies lost moisture slowly, causing them to become drier and deflated, the carcasses in 
the current study did not become mummified.  The combination of hair coverage and the 
extensive amount of soft tissue present on the carcasses prevented the decomposition and 
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desiccation of tissues at the same rate as the carcasses in other experimental groups.  It 
has been observed that indicators of external aerobic decomposition include a high 
percentage of hair loss, percent skin mummification, and loss of facial features (Micozzi, 
1986).  The insect-excluded carcasses lost minimal hair, showed no signs of 
mummification, and retained their facial features as well as body form, suggesting they 
did not undergo substantial aerobic decomposition.  The southern Ontario climate of this 
study is not conducive to mummification of carcasses, due to its relatively high humidity, 
which prevents complete desiccation of tissues (Galloway et al., 1989; Goff, 2009; Mann 
et al., 1990).  Under the right climatic conditions (very high or very low temperatures, in 
combination with a dry climate), mummification is most likely to occur in areas of the 
body that have a large surface area to mass ratio (Goff, 2009).   
Overall, the carcasses that were completely excluded from insect activity 
decomposed much slower than all other carcasses, which correlated with the trend 
observed in other exclusion studies, despite the different environmental conditions 
experienced (Payne, 1965; Simmons, Cross, et al., 2010).  It has been reported that the 
most important factor in the rate of decomposition is the presence of insects (Simmons, 
Cross, et al., 2010) and this is mainly due to insects being the largest contributors of tissue 
































Bodily fluids are released from decomposing carcasses shortly after death.  As 
the processes of autolysis and putrefaction take place, cellular structures and compounds 
break down and liquefy (Janaway et al., 2009) and are released via natural orifices.  The 
processes responsible for their release are the result of bacterial and enzymatic activity 
that take place within the carcasses, under both aerobic and anaerobic conditions (Dent et 
al., 2004).  Since the body is largely composed of protein and fat (20% and 10%, 
respectively), a substantial proportion of the decomposition by-products, such as 
decomposition fluid, should reflect the amount of protein and fat originally present within 
the body (Dent et al., 2004).  Limited research on decomposition fluids has been 
conducted thus far, presumably because it is a challenging sample matrix to study, since it 
is typically a complex chemical mixture that often contains insects, microorganisms, and 
other debris from the surrounding environment (Swann, Forbes, et al., 2010b). The 
objective of this portion of the study was to identify trends in the chemical properties of 
decomposition fluid, including its appearance, pH, and conductivity and to compare these 
properties between insect- included and excluded carcasses to determine the effect insects 
have on the chemical properties of decomposition by-products.  Further, the lipid 
degradation processes and products present in decomposition fluid collected from each 
carcass type were examined and compared.  By comparing the by-products between these 
groups, the effect of insects on the lipid degradation products could also be investigated.  
The potential for fatty acids to be used as biomarkers to estimate the PMI will be 
determined by exploring the trends produced throughout decay.   
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5.1 Fluid Analyses  
5.1.1 Physical Appearance  
 Observations were made on the colour and overall consistency of collected 
decomposition fluid upon collection and before analysis in the laboratory.   
5.1.2 pH  
 The pH of the fluid was measured using an Ultra Basic pH meter (Denver 
Instruments, USA).  Approximately 3mL of fluid was transferred to disposable culture 
tubes and was measured, without any dilutions or solvent additions.  Prior to collecting 
measurements, the pH meter was calibrated using standard buffers at pH values of 4, 7, 
and 10 (Fisher Scientific, USA).   
5.1.3 Conductivity  
 The conductivity (amount of suspended ions) in the fluid was measured using a 
Seven Multi TDS/SAL/Resistivity meter (Mettler Toledo, Switzerland).  Approximately 
3mL of fluid was transferred to disposable culture tubes and no changes were made to the 
fluid prior to its measurement.  The conductivity meter was calibrated using a 0.01M KCl 
solution (>95% purity; Fisher Scientific, USA) prior to the detection of samples.  
5.1.4 ATR-IR  
5.1.4.1 Sample Preparation  
One to five mL of fluid was transferred to 20mL centrifuge tubes, depending on 
the degree of dilution resulting from precipitation.  Lipids were extracted from fluid 
samples using a modified Folch method (Stuart et al. 2005).  6mL of a chloroform-
methanol (2:1 v/v) solution (both HPLC grade; Fisher Scientific, USA) was added to each 
tube, sealed, and shaken.  Samples were placed in a FS110D Sonicator (Fisher Scientific, 
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USA) for three 10min intervals.  One mL of deionized water was added to each of the 
samples, followed by 5min of centrifuging at 3000rpm.  The organic layer from each 
sample was transferred to a scintillation vial by pipette and dried using a Savant SC210A 
speedvac concentrator, attached to an RVT4104 refrigerated vapour trap (Thermo 
Electron Corporation, USA).  Samples were either analysed immediately or stored at -
20°C until analysis.   
5.1.4.2 Detection Parameters  
The concentrated product was directly applied to the germanium ATR crystal of 
a Nicolet 4700 Fourier transform infrared spectrometer, equipped with an ATR Smart 
Performer (ThermoFisher Scientific, USA) for analysis.  The spectra were scanned over 
the frequency range of 4000-500cm
-1
, with a resolution of 4cm
-1
.  128 scans were 
recorded and collected using Omnic software.  Relative band absorptions were calculated 




as the reference band.  
5.1.5 GC-MS 
5.1.5.1 FAME Sample Preparation  
One to three mL of decomposition fluid was added to 20mL centrifuge tubes.  A 
modified method by O’Fallon et al. (2007) was followed to extract and convert fatty acids 
to their respective methyl esters.  To the fluid samples, 0.7mL of 10M potassium 
hydroxide (KOH) (certified A.C.S. pellets; Fisher Scientific, USA) and 6.3mL of 
methanol (HPLC grade; Fisher Scientific; Canada) were added.  The tubes were heated in 
a heating block at 55°C for 1.5h and vigorously shaken every 20min to effectively 
permeate and hydrolyze the fluid.  After initial heating, the samples were cooled in room 
temperature water before adding 0.58mL of 12M sulphuric acid (H2SO4) (reagent A.C.S.; 
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ACP, Canada).  The tubes were inverted to mix before heating again at 55°C for 1.5h 
with the K2SO4 (potassium sulphate) precipitate that formed.  The samples were 
vigorously shaken every 20min to ensure the complete conversion of fatty acids to their 
methyl esters.  Samples were allowed to cool before adding 3mL of hexanes (HPLC 
grade; Fisher Scientific, Canada).  The samples were vortex-mixed using an analog vortex 
mixer (Fisher Scientific, Canada), followed by centrifugation for 5min in a bench top 
centrifuge (Fisher Scientific, Canada) at 3000rpm to promote the separation of solvent 
layers.  100µL of each of the hexane layer and C19:0 internal standard, and 1800µL of 
hexane were added to a GC vial for analysis.  In the later stages of decomposition, when 
the fluid samples were more concentrated with fatty acids, only 50µL of the extract was 
added to a GC vial.  The GC vials were stored at -20°C until analysis.  The remaining 
extracts were transferred to scintillation vials and stored at -20°C in the event additional 
analyses were required.     
5.1.5.2 Detection Parameters 
The samples were analysed using GC-MS according to the parameters listed in 
Table 5.1.  A compound table was created from FAME and BAME standards to identify 




Table 5.1. GC-MS operating parameters for FAME analysis in replicate trials 
Parameter Condition 
Column HP-5 (5%-Phenyl)-methylpolysiloxane (30m x 0.25mm x 
0.25µm) 
Carrier Gas Helium 
Flow Rate 1mL/min  
Injection   
Volume 1µL 
Type Split mode 
Temperature 250°C 
Split Ratio 10:1 for 3.5min then off 
Split Flow 1mL/min  
Oven  
Initial Temperature 135°C 
Rate Hold 4min; 4°C/min until 240°C, hold 10min  
MS Parameters  
Acquisition Mode Scan 
Scan Parameters 50-450 m/z  
Solvent Delay 6min  
 
5.1.6 Statistics 
 Statistics were performed using SigmaPlot version 12.5.  Pearson product moment 
correlations and Spearman rank order correlations were performed on the fatty acid 
results obtained via GC-MS to identify significant relationships between the variables of 
interest (data and time and between carcass groups).  One way repeated measures 
ANOVA using pairwise multiple comparison (Holm-Sidak method) was conducted on the 
relative percent abundance of each fatty acid to identify periods of time when the carcass 
groups were significantly different from one another.   
PAST version 2.06 was used to perform principal component analysis (PCA), 
which allows for visualization of data structure for exploratory analysis.  It is useful when 
the dimensionality of the data is high, since the corresponding biplots reduce the 
dimensionality by showing a visual representation of the variables (i.e. loadings/ vectors) 
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that are responsible for discriminating the data.  The axis loadings indicate which vectors 
have the most effect in explaining sample variance, where vectors distributed along the 
principal component (PC)-1 axis direction are more discriminating than vectors along the 
PC-2 axis direction.  The analyses were performed using the average amount of each 
dominant fatty acid detected by GC-MS from each carcass group during each respective 
decomposition stage. 
Results were viewed as biplots, whereby the scores and vectors were viewed 
together.  Axis scores were obtained from each analysis performed for each of the two 
components, which were subsequently analysed for correlations to the fatty acid results, 
using Spearman rank order correlations.  The purpose of the PCAs was to observe trends 
in the fatty acid distributions during each decomposition stage, in an attempt to identify 
specific fatty acids, or groups of fatty acids, that could be used to predict the 
decomposition stage exhibited by the carcass and thus assist in the estimation of a PMI.   
5.2 Results  
5.2.1 Physical Appearance   
 The appearance of the decomposition fluid changed over the course of the studies 
and differed between carcass groups.  Initially, the decomposition fluid of all carcasses 
was predominantly blood that was deep red and often became diluted with rain.  
However, after this point, the fluid differed between groups.   
 The appearance of the fluid collected from the inclusion carcasses can be seen in 
Figure 5.1.  During the active decay stage, the fluid appeared as an opaque, brown liquid 
that often contained maggots.  During the advanced decay and dry stages, the fluid was 
typically brown and oily and varied in colour and consistency.  When little precipitation 
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was received, the “fluid” was sludge-like, dark brown, and mixed with foreign matter, 










The appearance of the fluid collected from the partially excluded carcasses can be 
seen in Figure 5.2. The fluid changed to different shades of red throughout the early 
stages of decomposition and contained sediment and other solids.  During the localized 
tissue removal stage, the fluid appeared brown.  The collected fluid subsequently became 
oily and varied in colour and consistency.  The appearance of the fluid collected from the 
complete exclusion carcasses can be seen in Figure 5.3.  Overall, the fluid remained liquid 
and non-viscous, but changed colour throughout decay. 
 
Figure 5.1.  Decomposition fluid appearance from the inclusion carcasses: a. early fluid 
(blood), b. diluted blood; c. red, opaque fluid from early active decay, d. fluid from the 
advanced decay and dry stages, e. thick, sludge-like fluid, f. diluted late stage fluid 
a. b. c. 




Figure 5.2. Decomposition fluid appearance from the partially excluded carcasses: a. early 
fluid (blood), b. fluid with sediment, c. fluid with solids, d. late stage fluid, e. oily fluid, f. 
dark, viscous fluid 
 
 
Figure 5.3. Decomposition fluid appearance from the completely excluded carcass: a. early fluid (blood), 
b. diluted blood, c. fluid with sediment, d. opaque, red-brown fluid, e. late stage fluid, f. diluted late stage 
fluid 
5.2.2 pH  
 The pH of fluid collected during Trial 2 was initially close to neutral pH (Figure 
5.4a).  Overall, the pH of the partial exclusion carcasses exhibited a significant strong 
positive correlation (r= 0.89, p< 0.001) with time, until day 27 (539 ADD), after which 
point the pH decreased.  It is possible that the fluid collected from the inclusion carcasses 
exhibited the same trend, however it cannot be accurately determined.  Fluid was not 
collected during active decay because the carcasses were covered with maggot masses, 
a. b. c. 
f. e. d. 
a. b. c. d. e. f.
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thus preventing access to the fluid.  During the later stages of decomposition, i.e. between 
days 18-34 (358-689 ADD), the pH values between the two groups were significantly 
different (p<0.05).   
 During Trial 3, the pH of the fluid was initially 7.5, except for the fluid from the 
partial exclusion carcasses, which was above 8.5 (Figure 5.4b).  The pH measured from 
all groups on day 6 (101 ADD) was the same, but following day 9 (157 ADD), which 
corresponded to the beginning of the active decay stage, the trends diverged.  The pH 
from the inclusion group rapidly became more alkaline and displayed a significant strong 
positive correlation (r= 0.86, p< 0.05) until day 13 (238 ADD), and the partial inclusion 
group displayed a significant very strong positive correlation (r= 0.96, p< 0.001) until day 
13 (238 ADD) that was more gradual. On day 10 (179 ADD), the pH from the inclusion 
group was also significantly greater (p< 0.05) than the partial exclusion group.  The pH 
from the complete exclusion carcass remained low, and during this time, i.e. between 
days 9-15 (157-275 ADD), was significantly lower (p< 0.05) than both the inclusion and 
partial exclusion groups. The pH of the fluid from all carcass groups was approximately 
7.7 on the last collection day.           
During Trial 4, the pH values were between 8 and 8.5 for all carcass groups on 
day 0 (25 ADD) but decreased to pH 7 the following day (Figure 5.4c).  The pH from the 
inclusion group was significantly greater (p<0.05) than each of the exclusion groups 
between days 3-7 (85-138 ADD) and exhibited a significant very strong positive 
correlation (r= 0.96, p< 0.001) with time during the active decay stage.  The pH from both 
exclusion groups was 7.5 on day 6 (126 ADD), which corresponded to the beginning of 
the localized tissue removal stage, but the groups subsequently diverged.  During the 
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localized tissue removal stage (i.e. days 6-15; 126-272 ADD), the pH values from the 
partial exclusion carcasses were significantly greater (p<0.05) than those from the 
complete exclusion carcass, but both exclusion groups measured a pH of approximately 8 






















































































































































































































































5.2.3 Conductivity  
 During Trial 2, the conductivity measurements for both the inclusion and partial 
exclusion carcasses exhibited similar trends during early decomposition (Figure 5.5a).  
No significant differences were observed between groups.       
 In Trial 3, the conductivity measurements from all three experimental groups 
exhibited significant strong positive correlations (r ≥ 0.89, p< 0.001) with one another 
until day 9 (157 ADD), which corresponded to the beginning of the active decay stage 
(Figure 5.5b).  The measurements from the inclusion group subsequently displayed a 
significant very strong negative correlation (r= -1.00, p< 0.05) with time, while those 
from the exclusion groups continued to exhibit significant very strong positive 
correlations (r= 0.98, p< 0.001) with one another until day 13 (238 ADD), after which 
point the trends diverged.  During this time, i.e. between days 10-13 (179-238 ADD), the 
measurements from the inclusion group were significantly lower (p< 0.05) than each of 
the exclusion groups.  Following this, i.e. between days 15-34 (272-1119 ADD), the 
conductivity values were significantly greater (p<0.05) in the complete exclusion carcass 
than each of the other groups.    
During Trial 4, the conductivity measurements from the exclusion groups 
exhibited significant strong positive correlations (r ≥ 0.89, p< 0.05) with one another and 
with time until day 6 (126 ADD), which corresponded to the onset of the localized tissue 
removal stage (Figure 5.5c).  Following day 9, the measurements from the complete 
exclusion carcass was significantly greater (p< 0.001) than those from the partial 
exclusion group.  The measurements from the inclusion group exhibited an overall 
significant moderate negative correlation (r= -0.69, p< 0.05) with time and was 
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significantly lower (p< 0.05) than those from each of the exclusion groups between days 
2-9 (68-168 ADD) and significantly lower (p< 0.001) than the complete exclusion carcass 






























































































































































































































































































5.2.4 ATR-IR  
The qualitative lipid profiles obtained from the ATR-IR spectra were semi-
quantified by calculating relative band absorbance.  The prominent saturated fatty acid C-
H stretching band between 2926-2913 cm
-1
 was present in all samples and was used to 
compare band absorbance by calculating a relative ratio.  The major infrared bands that 
were consistently detected in the fluid samples are listed in Table 5.2.   




3150-3000 Unsaturated fatty acid =C – H stretching  
2950-2800 Saturated C – H stretching 
1730-1700 Saturated/ free fatty acid C=O stretching  
1680-1620 Unsaturated fatty acid C=C stretching  
1576-1540 Salts of fatty acids; carboxylate C-O stretching 
1450-1400 Salts of fatty acids; methylene bending/lipid CH2 
scissoring  
 
Two stretching bands were detected in all samples in each trial: unsaturated fatty 
acid =C-H stretching bands between 3150-3000 cm
-1
 were consistently weak, while 
saturated fatty acid C-H stretching bands between 2856-2847 cm
-1
 were consistently 
strong (Figure 5.6).  The unsaturated =C-H stretching band was less frequently detected 








Figure 5.6. Decomposition fluid unsaturated =C-H stretching band and saturated C-H stretching band 






























































































































































































































































































































During Trial 2, both the saturated fatty acid C=O stretching bands between 1730-
1700  cm
-1
 and the unsaturated fatty acid C=C stretching bands between 1680-1620 cm
-1
 
detected from the partial exclusion group only exhibited significant strong negative 
correlations (r ≤ -0.71, p< 0.001) with time following day 4 (88 ADD) (Figure 5.7).  
During the later stages of decomposition, the carcass groups exhibited a significant very 
strong positive correlation (r= 0.94, p< 0.05) with one another in the saturated C=O 
stretching band (Figure 5.7a).       
  During Trial 3, the trends exhibited by the saturated C=O stretching bands 
diverged between all groups following day 8 (138 ADD), which corresponded to the 
beginning of the active decay stage (Figure 5.8a).  The exclusion groups subsequently 
displayed significantly greater (p< 0.05) values than the inclusion group until day 13 (238 
ADD).  The levels detected from all carcass groups reached relative band absorbance 
values of approximately 0.6 on the last collection days.  The unsaturated C=C stretching 
band was infrequently detected during the early stages of decomposition in all carcass 
groups (Figure 5.8b).  Following day 9 (157 ADD), which corresponded to the localized 
tissue removal stage, the exclusion groups displayed significant strong negative 
correlations (r ≤ -0.75, p< 0.05) with time and reached similar values to the inclusion 







Figure 5.7. Trial 2 decomposition fluid absorbance results from: a. saturated C=O stretching band and b. 






































































































































































































Figure 5.8. Trial 3 decomposition fluid absorbance results from: a. saturated C=O stretching band and b. 















































































































































































































During Trial 4, the correlations and differences between groups were the same for 
the saturated C=O and unsaturated C=C stretching bands (Figure 5.9).  Following day 2 
(68 ADD) in both the saturated C=O and unsaturated C=C stretching bands, the trends 
exhibited by the inclusion and exclusion groups differed.  The inclusion group displayed a 
significant very strong negative correlation (r ≤ -0.89, p< 0.001) until days 8 and 9 (152 
and 168 ADD) in the unsaturated C=C and saturated C=O stretching bands, respectively.  
In comparison, the exclusion groups displayed significant very strong positive 
correlations (r ≥ 0.96, p< 0.05) with one another until day 5 (112 ADD), which 
corresponded to the end of the bloat stage.  Following day 5 (112 ADD), the levels from 
the complete exclusion carcass were significantly greater (p< 0.05) than each of the other 
groups until day 10 (185 ADD) for both stretching bands.   
In Trial 2, both salt bands displayed significant strong positive correlations (r≥ 
0.85, p<0.001) with one another in each carcass group (Figure 5.10a).  In Trial 3, both salt 
bands detected from each carcass group displayed significant strong positive correlations 
(r ≥ 0.73, p< 0.05) with one another following day 9 (157 ADD).  In Trial 4, the salt 
bands detected from the inclusion group displayed a significant strong positive correlation 
(r= 0.99, p< 0.001) with one another between days 3-9 (85-168 ADD) and both salt bands 
from each of the exclusion groups displayed significant strong positive correlations (r ≥ 
0.89, p< 0.001) with one another following day 9 (168 ADD).  In Trials 2 and 3, the 
bands between 1450-1400 cm
-1
, indicative of methylene bending/lipid CH2 scissoring 
were significantly greater (p< 0.05) than the bands between 1576-1540 cm
-1
, indicative of 
carboxylate C-O stretching during the active decay stage in Trial 2 and during the later 
stages of decomposition in Trial 3.  In Trial 4, however, the complete exclusion carcass 
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was significantly greater than the partial exclusion group (p< 0.05) in each respective salt 





Figure 5.9. Trial 4 decomposition fluid absorbance results from: a. saturated C=O stretching band and b. 

















































































































































































































Figure 5.10. Decomposition fluid carboxylate C-O stretching fatty acid salt band and methylene 
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5.2.5 GC-MS  
5.2.5.1 FAME Trends  
 The dominant fatty acids present in human and porcine soft tissue (myristic, 
palmitic, palmitoleic, stearic, oleic, and linoleic acids) were consistently detected in the 
decomposition fluid samples using GC-MS.  In addition, there were several minor fatty 
acids that were detected in the majority of the samples from each trial, which can be 
found in Table 5.3 (page 143).  These include: 11-hexadecanoic, 12- and 13- 
methyltetradecanoic, 15-methylhexadecanoic, arachidic, arachidonic, capric, cis-
5,8,11,14,17- eicosapentaenoic, cis-10-heptadecenoic, cis-11,14-eicosadienoic, lauric, 
linolenic, margaric, myristoleic, pentadecanoic, and tridecanoic acids.  The percent 
abundance of each major fatty acid and the sum of the minor fatty acids’ percent 
abundance were calculated in each fluid sample and used for analysis.   
The FAME results from Trial 2 for the inclusion group does not clearly illustrate 
any trends in fatty acid levels because fluid was not collected between days 6-9 and 13-15 
(133-178 and 256-298 ADD, respectively) (Figure 5.11a).  From the available data, 
myristic acid represented between 1%-2.5% of the total fatty acids during decomposition 
and displayed a significant strong positive correlation with time (r= 0.87, p< 0.05) 
between days 18-34 (358-688 ADD) (see Appendix A for graphs displaying individual 
fatty acid trends).  Palmitic, cis-oleic, and trans- oleic acids represented approximately 
25%, 30%, and 3%, respectively.  During the later stages of the decomposition, stearic 
and palmitoleic acids represented approximately 15% and 4%, respectively of the total 
fatty acid content.  Linoleic acid was not detected at a consistent percentage from the 
inclusion group.     
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The results from the partial exclusion group for Trial 2 can be seen in Figure 
5.11b and graphs displaying individual fatty acid trends can be found in Appendix A.  
The SFA myristic and stearic acids exhibit significant strong positive and moderate 
positive correlations with time (r= 0.79, p< 0.001; r= 0.57, p< 0.05, respectively), 
reaching percentages of 1.2% and 15%, respectively, on the last collection days.  Palmitic 
acid represented between 15% and 25% of the total fatty acid proportions throughout 
decomposition and trans-oleic acid was consistently detected at approximately 2%.  
Palmitoleic acid exhibited a significant moderate positive correlation with time (r= 0.58, 
p< 0.05) following day 5 (109 ADD), reaching a final percentage of 6%.  MUFA cis-oleic 
acid exhibited a significant moderate positive correlation with time (r= 0.59, p< 0.001), 
increasing from approximately 25-35%, while PUFA linoleic acid exhibited a significant 
strong negative correlation with time (r= -0.84, p< 0.001), decreasing from 35-10%.       
When comparing the fatty acid results between the two carcass groups, they were 
significantly different (p< 0.05) from one another between days 18-34 (358- 688 ADD) in 
all of the dominant fatty acids detected.  The amounts of linoleic, trans-oleic, and stearic 
acids were significantly greater, while the amounts of myristic, cis- oleic, palmitic, and 
palmitoleic acids were significantly lower in the inclusion group when compared to the 
partial exclusion group.  Significant differences (p< 0.05) between carcass groups in the 
early data were also observed in linoleic, myristic, palmitic, and palmitoleic acids. 
In summary, the amount of myristic acid detected from the inclusion group 
increased during late decomposition.  The amount of myristic, stearic, palmitoleic, and 
cis-oleic acids detected from the partial exclusion group increased overall, while the 
amount of linoleic acid decreased.  During late decomposition, the amounts of linoleic, 
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trans-oleic, and stearic acids detected from the inclusion group were greater than the 
partial exclusion group, but the amounts of myristic, cis-oleic, palmitic, and palmitoleic 




Figure 5.11. Percent abundance of fatty acids detected in the decomposition fluid in Trial 2 from: a. the 
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During Trial 3, fluid was collected from the inclusion carcasses on all 
experimental days except one, allowing for more accurate and clear trends to be observed 
(Figure 5.12a).  Myristic acid exhibited a significant moderate positive correlation (r= 
0.54, p< 0.05) with time until day 15 (275 ADD), reaching a maximum of 3% (see 
Appendix B for graphs displaying individual fatty acid trends).  Palmitic acid displayed a 
significant strong negative correlation (r= -0.80, p< 0.001) until day 15 (275 ADD) and 
then exhibited a significant strong positive correlation (r= 1.00, p< 0.001) until the end of 
the collection period, reaching a final percentage of 57%.  Palmitoleic acid only displayed 
a significant very strong positive correlation (r= 1.0, p< 0.05) until day 5 (84 ADD), but 
represented less than 5% during the later stages of decomposition.  Stearic acid exhibited 
a significant moderate positive correlation (r= 0.51, p< 0.05) following day 3 (56 ADD) 
and linoleic acid displayed an overall significant strong negative correlation with time (r= 
-0.73, p< 0.001), decreasing to approximately 1%.  The cis-oleic results indicate a 
significant strong negative correlation (r= -0.94, p< 0.05) between days 0-5 (17-84 ADD), 
a significant strong positive correlation (r= 0.81, p< 0.05) until day 13 (238 ADD), 
followed by a significant strong negative correlation (r= -0.89, p< 0.001) until the end of 
the collection period.  Finally, trans-oleic acid was infrequently detected throughout 
decomposition but represented percentages below 10% of the total fatty acids when it was 
observed.   
The FAME results from the partial exclusion carcasses for Trial 3 can be seen in 
Figure 5.12b.  Myristic acid represented approximately 1-2% of the total fatty acid 
content during the majority of decomposition (see Appendix B for graphs displaying 
individual fatty acid trends).  A maximum of 3% was detected on day 15 (275 ADD), 
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followed by a significant very strong negative correlation (r= -1.00, p< 0.05) with time 
until day 27 (526 ADD).  Palmitic acid exhibited a significant strong negative correlation 
(r= -0.77, p< 0.001) between days 2-15 (42-275 ADD), and a significant strong positive 
correlation (r= 0.71, r< 0.05) thereafter, reaching a final percentage of approximately 
50%.  Overall, palmitoleic represented less than 5% of the total fatty acid content.  
Following day 3 (56 ADD), stearic acid displayed a significant moderate positive 
correlation (r= 0.50, p< 0.05) with time until the end of the collection period. Cis-oleic 
acid exhibited a significant strong positive correlation (r= 0.89, p< 0.001) until day 13 
(238 ADD), but subsequently decreased to reach a final percentage of approximately 1%.  
Trans-oleic acid consistently represented less than 5% of the total fatty acid content until 
day 34 (682 ADD).  Finally, linoleic acid exhibited a strong positive correlation (r= 0.87, 
p< 0.05) until day 18 (341 ADD), followed by a significant strong negative correlation 
(r= -0.96, p< 0.001) until the end of the collection period, reaching almost 0.    
The results obtained from the complete exclusion carcass for Trial 3 can be seen 
in Figure 5.12c.  Only cis-oleic and linoleic acids displayed significant changes over the 
course of decomposition.  Cis-oleic acid exhibited a significant strong positive correlation 
(r= 0.83, p< 0.001) between days 4-15 (69-275 ADD) and linoleic acid exhibited a 
significant strong positive correlation (r= 0.727, p< 0.05) between days 4-18 (69-341 
ADD) (see Appendix A for graphs displaying individual fatty acid trends).   Myristic, 
stearic, and palmitic acids represented between 0.5%-2%, 10%-20%, and 30-50%, 
respectively, of the total fatty acid content.  Finally, palmitoleic and trans-oleic acids 
represented less than 5% and 3%, respectively, of the total fatty acid content throughout 






Figure 5.12. Percent abundance of fatty acids detected in the decomposition fluid in Trial 3 from: a. the 









































































































































































































































































































 Throughout decomposition in Trial 3, differences between the carcass groups were 
observed among all of the fatty acids (except cis- and trans- oleic acids) (see Appendix B 
for graphs displaying individual fatty acid trends).  The amount of palmitoleic acid 
detected from the inclusion group was significantly greater (p< 0.05) than each of the 
exclusion groups between days 7-12 (118- 222 ADD), corresponding with the active 
decay stage.  Between days 13-22 (238-435 ADD), the amount of stearic acid was 
significantly different (p< 0.05) between all carcass groups.  The amount of myristic acid 
detected from the inclusion group was significantly greater than each of the exclusion 
groups between days 5-12 (84-222 ADD), during the bloat and active decay stages, but 
was significantly lower (p< 0.05) than the exclusion groups between days 18-34 (341- 
682 ADD).  All carcasses exhibited significant differences (p< 0.05) between one another 
in the amount of palmitic acid detected between days 8-15 (138-275 ADD), during the 
active decay and localized tissue removal stages, but only the complete exclusion carcass 
was significantly different (p <0.05) than the partial exclusion group between days 20-34 
(391-682 ADD).  Finally, the amount of linoleic acid detected from the inclusion group 
was significantly greater (p< 0.05) than the complete exclusion carcass between days 8-12 
(138-222 ADD), during active decay, but the partial exclusion group was significantly 
greater (p< 0.05) than each of the other groups between days 15-34 (275-682 ADD).   
 In summary, the amount of myristic acid detected from the inclusion group 
increased until the onset of advanced decay, while the amount detected from the partial 
exclusion group decreased during late decomposition.  Overall, the amount of stearic acid 
detected from both the inclusion and partial exclusion groups increased but the amount of 
palmitic acid detected from both groups only increased during late decomposition.  The 
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amount of linoleic acid detected from the inclusion group decreased overall, decreased 
during the late stages of decomposition in the partial exclusion group, but increased 
during late decomposition in the complete exclusion carcass.  The amount of cis-oleic 
acid detected from all carcass groups increased during the insect activity stages and 
decreased thereafter in the inclusion and partial exclusion groups.  Differences in the 
amounts of myristic, palmitic, palmitoleic, and linoleic acids were detected between the 
inclusion and exclusion groups during the insect activity stages, and differences in the 
amounts of myristic, palmitic, and linoleic acids were detected between carcass groups 
during late decomposition.       
 The FAME results from Trial 4 can be seen in Figure 5.13.  Myristic and 
palmitoleic acids both exhibited a significant very strong negative correlation (r= -0.94, 
p< 0.001) following days 2 and 5 (68 and 112 ADD) respectively, in the inclusion 
carcasses (Figure 5.13a) (see Appendix C for graphs displaying individual fatty acid 
trends).  Myristic and palmitoleic acids represented only 1.5% and 2%, respectively, on 
the last collection days.  In contrast, palmitic acid exhibited a significant very strong 
positive correlation (r= 0.96, p< 0.001) following day 7 (138 ADD), representing a final 
percentage of 47%.  Stearic and cis-oleic acids were detected at percentages between 8%-
15% and 25-35%, respectively throughout decomposition and trans-oleic acid represented 
less than 2% during the majority of decomposition.  Linoleic acid values demonstrated a 
significant very strong positive correlation (r=1.00, p< 0.05) between days 3-7 (86- 138 
ADD), which was followed by a significant very strong negative correlation (r= -0.96, p< 
0.001) until the last collection day, representing a final percentage of 5%.    
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The FAME results from the partial exclusion group for Trial 4 can be seen in 
Figure 5.13b.  Myristic acid represented approximately 2% of the total fatty acid content 
until day 22 (392 ADD) and displayed a significant very strong positive correlation (r= 
1.00, p< 0.05) thereafter (see Appendix C for graphs displaying individual fatty acid 
trends).  Palmitic acid displayed a significant very strong positive correlation (r= 0.97, p< 
0.001) following day 7 (138 ADD), reaching a final percentage of 65%, and palmitoleic 
also demonstrated an overall significant strong positive correlation (r= 0.81, p< 0.001) 
between days 3 and 34 (86 and 643 ADD).  Stearic acid exhibited a significant strong 
positive correlation (r= 0.79, p< 0.05) between days 3-9 (86-168 ADD) and was detected 
at percentages between 5%-15% throughout decomposition.  Linoleic acid exhibited a 
significant strong positive correlation (r= 0.87, p< 0.001) between days 2-11 (68-201 
ADD), which was followed by a significant very strong negative correlation (r= -0.98, p< 
0.001) until the last collection day, when it represented only 1% of the total fatty acid 
content.  Cis-oleic acid displayed a significant moderate positive correlation (r= 0.54, p< 
0.05) until day 22 (392 ADD), followed by a significant very strong negative correlation 
(r= -1.00, p< 0.05), leading to a final percentage of 5%.  Trans-oleic acid did not exhibit 
any significant correlations throughout decomposition and represented between 1% and 
2% of the total fatty acid content.     
The FAME results from the complete exclusion carcass for Trial 4 can be seen in 
Figure 5.13c.  Myristic acid did not demonstrate any significant correlations with time 
and represented between 1%-3% of the total fatty acid content until day 34 (643 ADD) 
and trans-oleic acid represented between 0.5%-2% of the total fatty acid content 
throughout decomposition (see Appendix C for graphs displaying individual fatty acid 
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trends).  Palmitic acid displayed a significant very strong negative correlation (r= -1.00, 
p< 0.001) between days 2-9 (68-168 ADD) and a significant strong positive correlation 
(r= 0.75, p< 0.05) between days 9-55 (168-1119 ADD), representing 72% of the total 
fatty acid content on the last collection day.  Palmitoleic acid displayed a significant 
strong positive correlation (r= 0.86, p< 0.05; r= 0.77, p< 0.05) between days 0-6 and days 
11-41 (25-126 and 201-803 ADD, respectively) and a significant very strong negative 
correlation (r= -0.94, p< 0.05) between days 6-11 (126-201 ADD).  Stearic acid exhibited 
a significant strong positive correlation (r= 0.82, p< 0.05; r= 0.76, p< 0.05) between days 
5-15 and 18-55 (112-272 and 326-1119 ADD, respectively).  Cis-oleic acid exhibited a 
significant moderate negative correlation (r= -0.62, p< 0.05) following day 5 (112 ADD) 
reaching a final percentage of 3%.  Linoleic acid exhibited a significant strong positive 
correlation (r= 0.83, p< 0.05) between days 2-9 (68-168 ADD) and a significant strong 
negative correlation (r= -0.72, p< 0.05) between days 9-55 (168-1119 ADD), representing 






Figure 5.13. Percent abundance of fatty acids detected in the decomposition fluid in Trial 4 from: a. the 












































































































































































































































































































Significant differences were detected between the carcass groups in each of the 
major fatty acids.  The amount of linoleic acid detected from the complete exclusion 
carcass was significantly lower (p< 0.05) than each of the other groups between days 9-20 
(168-3357 ADD), and the amount of trans- oleic acid detected from the partial exclusion 
group was significantly greater than the complete exclusion carcass between days 7-10 
(138-185 ADD), which corresponded to the early localized tissue removal stage.  The 
amount of cis-oleic and palmitoleic acids detected from the exclusion groups were 
significantly different (p< 0.05) during the early stages of decomposition (between days 
2-4 and 2-5; 68-98 and 68-112 ADD, respectively).  The amount of cis-oleic acid detected 
from the complete exclusion carcass was also significantly greater (p< 0.05) than the 
partial exclusion carcasses between days 34-41 (643-803 ADD).  Palmitic acid was 
detected at significantly greater amounts (p< 0.05) in the complete exclusion carcass than 
each of the other groups between days 10-20 (185-357 ADD) and the amount from the 
partial exclusion group was significantly greater (p< 0.05) than the complete exclusion 
carcass between days 27-41 (505-803 ADD).  The amount of myristic acid detected from 
the partial exclusion group was significantly greater (p< 0.05) between days 9-13 (168-
237 ADD), during the localized tissue removal stage, than the complete exclusion carcass, 
and between days 18-22, the amount from the complete exclusion carcass was 
significantly greater (p< 0.05) than the inclusion group.  Palmitoleic acid detected from 
the complete exclusion carcass was significantly lower (p< 0.05) than each of the other 
groups between days 9-15 (168-272 ADD) but the amount detected from the inclusion 
group was significantly lower than either of the exclusion groups (p< 0.05) between days 
18-27 (326-505).  Stearic acid was significantly greater (p< 0.05) in the complete 
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exclusion carcass (p< 0.05) than the partial exclusion carcasses between days 11-15 (201-
272 ADD), corresponding with the localized tissue removal stage, and the amount from 
the inclusion group was significantly greater (p< 0.05) than the complete exclusion 
carcass between days 18-27 (326-505 ADD).        
In summary, the amount of myristic and stearic acids detected from the inclusion 
group decreased overall.  The amount of myristic acid detected from the partial exclusion 
group increased during late decomposition and the amount of stearic acid increased 
during early decomposition but increased overall in the complete exclusion carcass.  
Palmitic acid increased overall in the inclusion group, increased following the onset of the 
localized tissue removal stage in the partial exclusion group, and increased following the 
bloat stage in the complete exclusion carcass.  Linoleic acid increased during the insect 
activity and deflation stages and subsequently decreased in each carcass group.  Overall, 
palmitoleic acid increased in the exclusion groups.  Cis-oleic acid detected from the 
complete exclusion carcass decreased overall and decreased in the partial exclusion group 
during dry decomposition.  Differences were observed between the exclusion groups in 
the amount of myristic, stearic, and trans-oleic acids detected during the localized tissue 
removal stage.  Differences were also observed between carcass groups in the amount of 
myristic, palmitic, palmitoleic, stearic, and cis-oleic acids detected during late 
decomposition.         
 The minor fatty acids detected throughout each trial are listed in Table 5.3.  The 
total minor fatty acid content was consistently detected between 0.5%-2% throughout 
decomposition in each group of carcasses in each trial (see Figures 5.11-5.13).  No 
significant differences between the carcass groups were observed.   
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Table 5.3. Minor fatty acids detected from decomposition fluid in Trials 2, 3, & 4 
 Trial 2 Trial 3 Trial 4 
11-hexadecanoic 
acid 





















   
X 
Arachidic acid X X X 
Arachidonic acid  X  








 X  
Cis-11, 14- 
eicosadienoic acid 
 X  
Lauric acid X X X 
Linolenic acid   X 
Margaric acid  X X X 
Myristoleic acid  X X 
Pentadecanoic acid  X X X 




5.2.5.2 PCA  
Principal component analysis (PCA) was performed to characterize the 
relationship between the dominant fatty acids present in each decomposition stage.  The 
biplots created from the analysis display those fatty acids that best characterize each stage 
in each trial.  The data from the fresh and bloat stages from each trial were plotted 
together since all carcasses passed through these stages.  The PCA ordination separated 
each trial based on the fatty acids detected in the fluid in both the fresh and bloat stages 
(Figure 5.14).   
The first component explained 79.5% of the variation and the second component 
only explained 11.4%.   The fresh and bloat stages in Trial 2 were discriminated based on 
linoleic acid (r= -1.00, p< 0.001 during the fresh stage).  Stearic acid was significantly 
correlated (r= -0.750; p< 0.05) with the fresh stage and palmitic acid was significantly 
correlated (r= 1.00; p< 0.001) with the bloat stage in Trial 3.  Oleic acid was significantly 
correlated (r= 0.964; p< 0.001 and r= -0.831; p< 0.001) with the fresh and bloat stages in 
Trial 4.   
Ordination data from the active decay, localized tissue removal, and deflation 
stages were plotted on the same biplot to illustrate the differences in fatty acid distribution 
during these stages.  The first component explained 93.0% of the variation observed 
(Figure 5.15).  The deflation stage in the complete exclusion carcasses was significantly 
correlated with palmitic acid (r= 0.976; p< 0.001).  The active decay and localized tissue 
removal stages were not as well characterized by individual fatty acids, however linoleic 
acid was significantly correlated (r= -0.976, p< 0.001) with the localized tissue removal 




Figure 5.14. Ordination produced from PCA of fatty acids measured from fluid in each carcass group in 
Trials 2, 3, and 4 during the fresh stage and bloat stages (I= inclusion group, PE= partial exclusion group, 
CE= complete exclusion group, F= fresh stage, B= bloat stage) 
 
Figure 5.15. Ordination produced from PCA of fatty acids measured from fluid during the active decay, 
localized tissue removal, and deflation stages in Trials 2, 3, and 4 (I= inclusion group, PE= partial 




 A biplot was created for the ordination data from the advanced and dry 
decomposition stages in each trial.  Clustering of the carcass groups and stages are not as 
well defined as they were with the earlier decomposition stages (Figure 5.16).  Only the 
advanced decay stage in Trials 2 and 4 exhibited similar properties, demonstrating a 
strong, significant correlation (r= -0.714, p< 0.05) with linoleic acid.  The advanced decay 
stage was predominantly characterized by unsaturated oleic and linoleic acids, while the 
dry decomposition stage in each exclusion group was predominantly characterized by 
saturated fatty acids, such as stearic, palmitic, and myristic acids.   
 
Figure 5.16. Ordination produced from PCA of fatty acids measured from fluid during the advanced decay 
and dry decomposition stages in Trials 2, 3, and 4 (I= inclusion group, PE= partial exclusion group, CE= 
complete exclusion group, Ad= advanced decay, DD= dry decomposition) 






 A biplot was created from the ordination data from the dry and remains stages in 
the inclusion group, however fluid was only collected during those stages in trials 3 and 4.  
As such, the first component explained 100% of the data (Figure 5.17).  The available 
data do not cluster together and the stages do not appear to be well correlated with any 
particular fatty acid.   
 
Figure 5.17. Ordination produced from PCA of fatty acids measured from fluid during the dry and 
remains stages in Trials 2, 3, and 4 (I= inclusion group, D= dry, R= remains) 
 
5.3 Discussion 
5.3.1 Physical Appearance  
  The colour of the decomposition fluid collected from each carcass was recorded 
and compared between groups.  To date, there has not been any published research that 
has explicitly examined the appearance of decomposition fluid collected from carcasses 
decomposing above ground, in an outdoor environment.  It is therefore unknown whether 
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the physical appearance of the fluids reflects that exhibited by carcasses under different 
circumstances.   
 The fluid from the inclusion and partial exclusion carcasses turned brown once 
insects gained access and it became more viscous.  Maggots secrete proteolytic enzymes 
and collagenases as they feed and physically abrade tissues with their mouth hooks, 
which contribute to the digestion and degradation of cadaveric material (Turner, 2005).  
The degraded material may be liquefied in the process and be released with purged fluids 
from the carcass (Dent et al., 2004).  The maggots also feed ravenously on all available 
cadaveric material and do not stop until they have obtained sufficient nutrients to reach 
maturation, at which time they migrate away to pupate (Turner, 2005).  This means that 
they feed and excrete wastes at the same time, and these wastes can accumulate in the 
collected fluid.  Together, the liquefied organic material and maggot wastes may have 
contributed to the colour changes observed in the fluids, as well as affecting the chemical 
properties, such as pH, conductivity, and the fatty acid distribution.   
 The fluid from the complete exclusion carcasses remained red-burgundy in colour 
until near the end of the collection period, when it turned brown.  Although no insects 
gained access, and thus were not the cause of the colour change, it is possible that the 
change was the result of microorganism-induced breakdown of cadaveric material.  This 
process would have been more delayed than in the other carcasses because there was no 
physical removal of soft tissue.  Only a finite number of microorganisms can be 
inherently present within the body, thereby decreasing the rate of degradation and 




The pH values of collected fluid displayed similar trends and values between 
groups during early decomposition, prior to insect colonization in each trial.  Once insects 
colonized the carcasses, however, the pH levels diverged, causing significant differences 
between the carcass groups.  This was evident after the onset of both the active decay and 
localized tissue removal stages, whereby the pH levels became more alkaline.    Studies 
have found that high ammonium (NH4
+
) levels contribute to high pH values (Hopkins et 
al. 2000).  Maggots release high levels of ammonia in their exudates as they feed (Turner 
2005), which can be converted to ammonium and subsequently increase pH.  In contrast, 
the completely excluded carcasses did not display sharp increases in pH, which may have 
been due to the lack of maggots and thus ammonium ions.            
5.3.3 Conductivity  
The conductivity values and trends exhibited by each carcass group were very 
similar during early decomposition, especially between the exclusion groups.  All groups 
displayed a general increase in conductivity during the fresh and bloat stages.  Vass et al. 








) increase sharply during 
early decomposition and continue to increase over time.  These electrolytes would have 
leached out of soft tissue during the early stages of decomposition (Vass et al., 1992) and 
could have subsequently entered the purged fluids, thus increasing the conductivity 
measurements observed.   
Once insects began feeding on the carcasses, however, the conductivity trends 
diverged between groups, causing the measurements in each of the inclusion and partial 
exclusion groups to decrease and remain low for the remainder of the collection period, 
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while those from the complete exclusion carcass remained significantly higher.  The 
differences between groups was presumably caused by the presence of maggots.  Bacteria 
can use released ions for metabolism (Vass et al. 1992) and it is possible that the maggots 
contributed bacteria or allowed the inherent bacteria to access the released ions, thus 
leading to the low levels observed in the inclusion and partial exclusion groups.  Since 
additional bacteria from the maggots was not present on the complete exclusion carcasses, 
the conductivity values from these carcasses remained higher than the other groups.   
5.3.4 ATR-IR  
The stretching bands detected from ATR-IR analysis were examined for any 
changes in relative abundance over time and significant differences between groups, to 
determine whether insects played a role in the lipid degradation process.  Strong –C-H 
stretching bands in the region 2950-2800 cm
-1
 and a small shoulder in the region 3150-
3000 cm
-1
, attributable to =C-H stretching of UFAs, were consistently observed in the 
collected fluid from all trials and each carcass group.   These bands are commonly 
observed in infrared spectra resulting from fatty acid analysis of pork tissue or soil 
collected from beneath decomposing pigs (Flatten et al. 2005; Forbes et al. 2005a; Forbes 
et al. 2005b; Forbes et al. 2011).  The infrequent detection of the =C-H unsaturated 
stretching band in the complete exclusion carcass in Trial 4 was not expected, since this 
band was consistently observed in all other samples.  It is also unlikely that this is an 
indicator for the lack of UFAs in this fluid, since unsaturated C=C stretching bands were 
detected in all samples, including in Trial 4. 
During Trial 2, the trends exhibited by the saturated fatty acid C=O stretching and 
the unsaturated fatty acid C=C stretching bands were very similar between the two groups 
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of carcasses.  Overall, there was a decreasing trend, indicating the decline in fatty acids 
present or being released into fluid, which may have been the result of the removal or 
degradation by insects and/or microorganisms.   
During Trial 3, trends exhibited by the saturated C=O stretching band diverged 
between groups following the onset of the insect activity stages, which was caused by the 
feeding of maggots.  The levels detected from the exclusion groups were significantly 
greater than the inclusion group during this time.  The maggots likely removed soft tissue 
and liquefied tissues that contained fatty acids, thus decreasing the levels released into 
fluid.  However, both exclusion groups decreased in the levels of unsaturated C=C 
stretching bands following day 9 (157 ADD).  This decrease may have been the result of 
hydrogenation, whereby unsaturated fatty acids are converted into their saturated 
counterparts.  This theory is strengthened by the lack of a significant negative correlation 
among the exclusion carcasses in the levels of saturated C=O stretching bands.     
  The trends in each of the inclusion and exclusion groups diverged in Trial 4, as 
they did in Trial 3, but this occurred earlier in decomposition, following the bloat stage.  
The inclusion group exhibited a decrease in values, while the exclusion groups were well 
correlated with one another and increased in value.  However, the complete exclusion 
carcass exhibited significantly higher values than the partial exclusion group following 
the localized tissue removal stage.  This indicates that the feeding of insects leads to a 
decrease in the levels of fatty acids detected.      
Both the saturated C=O and unsaturated C=C stretching bands exhibited the same 
trends and differences throughout decomposition in Trial 4.  This indicates that by the end 
of the fluid collection period, hydrogenation may not have taken place, since the levels 
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from each type of fatty acid stretching band were approximately the same.  However, the 
unsaturated C=C stretching bands from the inclusion and partial exclusion carcasses were 
infrequently detected during the later stages of decomposition, which may suggest that the 
UFAs from the fluid or tissue were converted through hydrogenation or removed by the 
feeding of insects.          
  The two bands indicative of fatty acid salts exhibited absorbance levels that were 
similar between all groups and to one another.  This was most apparent during the later 
stages of the decomposition.  Distinct changes in band absorbances with the onset of 
decomposition stages were not observed in individual groups, as they were in the other 
stretching bands.  This indicates that the levels of fatty acid salts are not influenced by 
insect activity.  It is believed that the bands between 1576-1540 cm
-1
, indicative of 
carboxylate C-O stretching, are the result of calcium salts (Forbes et al., 2004; Stuart et 
al., 2005; Stuart et al., 2000).  Typically, these fatty acid salts are formed by the addition 
of minerals, such as calcium, present in the surrounding soil that displace the sodium and 
potassium ions that form the initial fatty acid salts during decomposition (Forbes, Dent, et 
al., 2005).  The carcasses in this study were not placed directly on the soil surface and so 
minerals from the surrounding soil were not able to contribute to the production of fatty 
acid salts.  However, since the fatty acid salt bands indicative of carboxylate C-O 
stretching were the result of the addition of calcium, it is possible that calcium leached 
from bones or other areas of the body during decomposition.  The source of the fatty acid 
salts detected between 1450-1400 cm
-1
, indicative of methylene bending/lipid CH2 
scissoring is currently unknown but due to the close similarities between the other fatty 
acid salt band, it is likely they are the result of closely related salts and may originate 
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from minerals that are more abundant than calcium in the body, since they were 
consistently detected in greater amounts than the calcium salts.       
5.3.5 GC-MS 
5.3.5.1 FAME Trends 
 The fatty acid methyl ester results obtained following GC-MS analysis were 
examined for changes in their percent abundance over time, as well as any significant 
differences between groups, which would indicate that insects played a role in the rate of 
lipid degradation.  Overall trends could not be accurately deduced from the inclusion 
carcasses during Trial 2, since fluid was not collected on several days during the active 
and advanced decay stages.  Only myristic acid exhibited a significant increase during 
decomposition, which occurred during the later stages.  It is unclear whether this was the 
result of insect activity or the natural process of lipid degradation.     
Overall fatty acid trends were observed, however, from the partial exclusion 
carcasses.  Specifically, saturated myristic and stearic acids and unsaturated palmitoleic 
and cis-oleic acids exhibited an overall increase during decomposition, while 
polyunsaturated linoleic acid exhibited an overall decrease.  These results indicate that 
hydrogenation may have occurred.  The hydrogenation of linoleic acid can produce oleic 
or stearic acid, depending on the extent of the reaction (Notter et al., 2009).  However, 
palmitoleic acid also exhibited an increase over time and it was expected that it would 
decrease, while the levels of palmitic acid would increase (Notter et al., 2009; Swann, 
Chidlow, et al., 2010).  Therefore, the levels of fatty acids detected in decomposition fluid 
may not be entirely affected by lipid degradation pathways.   
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Significant differences were observed between the inclusion and partial exclusion 
groups during the early stages of decomposition in some of the fatty acids, and in all fatty 
acids during the later stages of decomposition (between days 18-34; 358-688 ADD) in 
Trial 2.  This suggests that insects may play a role in the amounts of fatty acids detected 
from fluid.  However, the difference between the two groups was not consistent during 
the later stages; the inclusion group had significantly greater linoleic, trans-oleic, and 
stearic acids and significantly lower myristic, cis-oleic, palmitic, and palmitoleic acids 
than the partial exclusion group.  It is possible that due to the greater number of insects 
present on the inclusion carcasses, the short chain fatty acids were consumed or degraded 
faster than the longer chain fatty acids, either in the soft tissue or the fluid.  Oleic acid is 
the only exception to this theory, since the isomers displayed opposite trends.  It has also 
been observed that short chain fatty acids are released from carcasses earlier in the 
decomposition process than longer chain fatty acids, due to their increased 
hydrophobicity (Vass et al., 1992).  Therefore, it is possible that the higher degree of 
insect activity in the insect included carcasses accelerated the rate of decay, which 
released the longer chain fatty acids earlier than in the partial exclusion group, leading to 
their increased detection.   
During Trial 3, evidence that hydrogenation had taken place was observed in the 
long chain fatty acids detected from the inclusion carcasses.  Cis-oleic and linoleic acids 
exhibited decreases during advanced decay while stearic acid displayed a concomitant 
moderate increase.  During Trial 4, the levels of palmitoleic acid detected from the 
inclusion carcasses decreased following the active decay stage and the levels of palmitic 
acid increased during advanced decay. In addition, linoleic acid decreased in value 
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following the advanced decay stage.  The change in the amounts of each fatty acid were 
only observed during the advanced decay stage, which suggests that hydrogenation 
requires sufficient time to take place and occurs in insect exposed carcasses following the 
period of insect activity.   
Published literature which has investigated lipid degradation trends collected from 
decomposition fluid in the presence of insects observed increasing trends over a 14 day 
period (Swann, Forbes, et al., 2010c).  All FAMEs of interest, including saturated 
palmitic and stearic acids, and unsaturated oleic and linoleic acids demonstrated this trend 
(Swann, Forbes, et al., 2010c).  Due to time constraints, however, the collection of fluid 
was ceased after 14 days and no further trends could be determined (Swann, Forbes, et al., 
2010c).  It is possible that, had fluid continued to be collected, trends representative of 
hydrogenation could have been observed.  Nonetheless, myristic acid was the only fatty 
acid to exhibit an overall increasing trend with time in the present study.  The other fatty 
acids displayed trends for segmented portions of time which did not correlate with a 14 
day time period.  Further, during the study conducted by Swann, Forbes, et al. (2010c), 
fatty acids were only detected on day 6 (126 ADD), when the majority of maggot activity 
occurred.  In the current study, fatty acids were detected from day 0 (17 ADD) onward.  
This may indicate that a more sensitive FAME extraction method was utilized in the 
current study.  Further, the beginning of the active decay stage did not appear to influence 
the proportions of fatty acids detected as a result of maggot activity.   
The trends indicative of hydrogenation were not evident in the fatty acids detected 
in the fluid collected from the partial exclusion groups in Trials 3 and 4.  Although the 
levels of SFAs increased during decomposition, they were not accompanied by a 
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concomitant decrease in their respective unsaturated counterpart.  Similarly, the levels of 
linoleic acid decreased throughout the decay process, but did not influence the levels of 
stearic acid detected.  It is possible that the amount of insects that colonize a carcass may 
accelerate the rate of fatty acid degradation and when their access is limited, 
hydrogenation requires a longer time to occur.   
The complete exclusion carcasses also did not exhibit any trends indicative of 
hydrogenation (i.e. between palmitic and palmitoleic acids and stearic, oleic, and linoleic 
acids) in either Trial 3 or 4.  There were also no clear stages of decomposition when the 
UFAs decreased, leading to an increase in the levels of their more saturated counterpart, 
or vice versa.  It is possible that hydrogenation did not occur in the complete exclusion 
carcasses because insects were not permitted to assist in the breakdown of tissues and 
accelerate lipid degradation.  In the absence of insects, microorganisms are the primary 
drivers of decomposition, which requires substantially longer periods of time.     
Significant differences were observed between carcass groups in all fatty acids, 
except oleic acid, and were mainly observed during the active decay stage.  The levels of 
myristic, palmitoleic, and linoleic acids from the inclusion group were greater than the 
exclusion groups during the active decay stage but the levels of palmitic acid were less 
than the exclusion groups.  During active decay, maggots aerate carcasses and liquefy 
tissue, which promotes greater microorganism activity (Devault, Brisbin, & Rhodes, 
2004) and thus more rapid lipid degradation.  Their activity may have therefore released 
more fatty acids into the decomposition fluid of the inclusion carcasses.  Further, the 
levels of stearic acid were greater in the inclusion group than the partial exclusion group, 
which were subsequently greater than the complete exclusion carcass between days 13-22 
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(238-435 ADD), representing the stages of active decay, localized tissue removal, and 
deflation, respectively.  The percent abundance of stearic acid increased with increasing 
insect activity.  In contrast, the levels of palmitic acid were progressively lower as insect 
activity increased among the carcasses during the active decay stage.  Due to the order of 
the fatty acids exhibited by each carcass group, it is likely that the amount of insects 
present in each group played a role in the amount of each fatty acid detected.   
The trends exhibited by the fatty acids in the inclusion group in Trial 4 were 
generally dissimilar.  SFAs and UFAs each exhibited opposite trends, or a lack of 
significant changes over time.  These differences illustrate that the levels of fatty acids 
detected in decomposition fluid do not follow predictable trends, nor do they follow clear 
increasing trends, as was observed in the study by Swann, Forbes, et al. (2010c).  
Additionally, fatty acids were detected in fluids between days 0-27 (25-505 ADD), which 
is noticeably earlier than the study by Swann et al. (2010c), further indicating a more 
sensitive FAME extraction method in the current study.   
Significant differences were observed between the carcass groups in each of the 
fatty acids detected in Trial 4.  The levels of all of the dominant fatty acids, except cis-
oleic and linoleic acids, displayed significant differences between the complete exclusion 
carcass and the inclusion and partial exclusion groups during the active decay and 
localized tissue removal stages. The differences were not, however, consistent between 
carcass groups or fatty acids (i.e. saturated vs. unsaturated and short vs. long chain) 
during each period of time.  The effect insects have on the levels of each type of fatty acid 
detected is therefore unclear.     
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 During the early stages of decomposition, significant differences (p< 0.05) in the 
amounts of cis-oleic and palmitoleic acids were detected between all carcass groups.  
Insects had not yet gained access to the carcasses, and thus did not have any influence on 
the rate of degradation of fatty acids.  It was therefore hypothesized that the levels of fatty 
acids between each group would be similar during early decomposition.  It is possible that 
the exclusion set-up influenced the rate of degradation of fatty acids or the release of 
fluids during the early stages, however the temperatures experienced from the exclusion 
carcasses was not significantly different (p< 0.05) from those experienced by the 
inclusion (control) carcasses. 
 A total of 16 minor fatty acids were detected from the decomposition fluid 
samples, with the highest number of fatty acids (12) being detected in the samples 
collected during Trial 3.  The sum of all of the minor fatty acids detected rarely exceeded 
3% of the total fatty acids throughout each of the trials, indicating that the levels of 
individual fatty acids detected were considerably less.  This illustrates the sensitivity of 
both the extraction and detection methods used to analyze the fluid.   
5.3.5.2 PCA Analysis  
 PCA performed on the carcass groups from each trial during the fresh and bloat 
stages illustrated that the carcass groups clustered based on the decomposition stage, and 
each differed in the fatty acid that characterized the clustering.  This finding suggests that 
individual fatty acids are not sufficiently accurate biomarkers to determine the stage of 
decomposition and thus would not be useful in estimating PMI during the early stages of 
decomposition.  However, it is noteworthy that the carcass groups clustered based on the 
stage exhibited in each trial.  This may represent the variation in diets of the carcasses 
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obtained in each trial.  Diet has been shown to influence the levels of fatty acids detected 
from porcine adipose tissue (Bryhni et al., 2002; Ostrowska et al., 2003; Villegas et al., 
1973), and thus by extension, may also influence the levels detected in fluid.  Diet has 
also been shown to affect the levels of UFAs detected (Bryhni et al., 2002), particularly 
linoleic acids, since it is preferentially deposited in depot fat (Ostrowska et al., 2003; 
Villegas et al., 1973).  Since the fresh and bloat stages were significantly (p< 0.001) 
correlated with linoleic acid in Trial 2 and significantly (p< 0.001) correlated with oleic 
acid in Trial 4, it is likely that the diet of the pigs obtained during those trials influenced 
the proportions of these UFAs during the early stages of decomposition.   
     Analysis conducted on the ordination data from the active decay, localized 
tissue removal, and deflation stages were less clustered based on decomposition stage 
compared to the fresh and bloat stages.  The deflation stage in the complete exclusion 
carcasses was the only stage that was significantly correlated (p< 0.001) to an individual 
fatty acid (i.e. palmitic acid).  The localized tissue removal stages in Trials 2 and 4 were 
clustered on the biplot, however the data from the active decay and the localized tissue 
removal stage from Trial 3 was scattered.  These stages involve the feeding of insects and 
thus explain the variation observed.  The presence and abundance of insects must have 
caused differences in the fatty acids released into fluids.  This occurred despite any 
similarities in diet the carcasses from each trial may have shared, indicating that diet may 
only influence the initial levels of fatty acids detected from fluid.  
 Clustering of carcass groups between trials was also not visible on the biplot for 
the advanced decay and dry decomposition stages.  However, the advanced decay stage is 
best discriminated by unsaturated oleic and linoleic acids, while the dry decomposition 
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stage is discriminated by saturated stearic, palmitic, and myristic acids.  It is 
understandable that the advanced decay stage would be characterized by UFAs, because 
these are the first to decrease in abundance or be degraded as a result of hydrogenation.  
In contrast, the exclusion carcasses were characterized by their higher proportions of 
SFAs.   
 The ordination data from the dry and remains stages in the inclusion group did not 
show any correlations to fatty acids.  During the dry and remains stages, decomposition is 
largely slowed since most of the available cadaveric material has been removed (Carter, 
Yellowlees, & Tibbett, 2007).  It is therefore possible that the decomposition fluid 
collected from the inclusion carcasses was predominantly rain water mixed with the 
liquefied tissues from the base of the containers.  This would explain the dissimilarities in 
the fatty acids detected during these stages.  The lack of continuity in the fatty acid 
degradation from each carcass, caused by the mixture of released fatty acids and those 
washed from the containers, likely caused different dominant fatty acids in each trial 

















Chapter 6 : Tissue Analysis 
 




Soft tissue degradation is the main result of decomposition; it can either be 
physically removed, by the feeding of insects (Carter et al., 2007; Goff, 2009) or by the 
scavenging of animals (Goff, 2009; Janaway et al., 2009; Mann et al., 1990), or 
chemically degraded, by the action of microorganisms both within the body and from the 
external environment (Dent et al., 2004; Goff, 2009; Janaway et al., 2009).  The human 
body is predominantly composed of proteins (20%) and fat (10%) and the degradation of 
soft tissue results in the breakdown of these macromolecules into their component parts 
(Dent et al., 2004; Janaway et al., 2009; Swann, Forbes, et al., 2010b).  Therefore, a large 
proportion of the decomposition products should reflect the amounts of protein and fats 
initially present in the remains (Dent et al., 2004).  It has been hypothesized that the 
temporal variation of these macromolecules have the potential to be used as biomarkers to 
age decomposed remains and provide an objective means of estimating PMI.  The 
objective of this portion of the study was to examine and compare trends in the fatty acid 
degradation profiles of soft tissue collected from carcasses decomposing in the presence 
and absence of insects and determine whether insects affect the fatty acid degradation 
pathways.  Soft tissue was collected from both the upper and lower torso regions to 
examine whether they differed in their fatty acid proportions.  Additionally, the fatty acid 
profiles and trends were utilized to evaluate their potential for estimating PMI. 
Soft tissue pH was measured to examine how it changed throughout 
decomposition and whether the presence of insects influenced the measurements.  
Conductivity was not measured, however, since it was not believed to provide relevant 
information regarding the soft tissue properties.  Fatty acids were identified and 
quantified by GC-MS; IR spectroscopy was not performed on soft tissue.  Many studies 
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have previously investigated lipids via IR spectroscopy and the information gathered is 
purely qualitative.  As such, it would not have added significant information from which 
relevant conclusions could be drawn regarding the specific lipid degradation pathways in 
soft tissue.      
6.1 Tissue Analyses  
6.1.1 pH  
 The pH of collected tissue samples was measured by following a modified method 
by Park et al. (2007).  500mg of each tissue sample was weighed on an analytical balance 
and placed into a 20mL scintillation vial.  4.5mL of deionized water was added to each 
vial and homogenized using a 400 series XPR Dremel (Dremel, USA), fitted with a 
homogenizer probe.  A digital pH meter (Ultra Basic pH Meter; Denver Instrument, USA) 
was calibrated using standard buffers at pH values of 4, 7, and 10 (Fisher Scientific, 
USA) prior to measuring the pH of the samples.   
6.1.2 GC-MS  
6.1.2.1 FAME Sample Preparation    
 Qualitative and quantitative fatty acid results were obtained for the tissue samples, 
using the same method as for the decomposition fluid (O’Fallon et al., 2007), with minor 
changes.  Approximately 500mg of tissue from each sample was added to a 20mL 
scintillation vial.  1mL of methanol (HPLC grade; Fisher Scientific, Canada) was added 
to each vial before homogenizing the samples using a 400 series XPR Dremel (Dremel, 
USA).  Once the tissue was sufficiently homogenized, 5.3mL of methanol and 700µL of 
10N KOH (certified A.C.S. pellets; Fisher Scientific, Canada) were added and vigorously 
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shaken before heating.  Heating was carried out using a digital MultiBlok (ThermoFisher 
Scientific, USA).  Samples were heated at 55°C for 1.5h and were shaken every 20min 
for 5s.  The samples were subsequently cooled in a room temperature water bath before 
adding 580µL of 24N H2SO4 (reagent A.C.S.; ACP, Canada).  A precipitate (K2SO4) was 
formed and the samples were heated again at 55°C for 1.5h and were shaken every 20min 
for 5s.  The samples were subsequently cooled in a room temperature water bath or in the 
fumehood at room temperature.  Samples were quantitatively transferred to centrifuge 
tubes using 3mL of hexanes (HPLC grade; Fisher Scientific, Canada).  Each sample was 
vortex-mixed using an analog vortex mixer (Fisher Scientific, Canada), followed by 
centrifugation for 5min in a bench top centrifuge (Fisher Scientific, Canada) at 3000rpm 
to promote the separation of solvent layers.  100µL of the top organic layer was 
transferred to a GC vial, to which 100µL of C19:0 internal standard was added.  Hexanes 
were added to make the volume up to 2mL.        
6.1.2.2 Detection Parameters  
 The tissue samples were analysed on the GC-MS using the same method 
employed with the fluid samples, according to the parameters listed in Table 6.1.  A 
compound table was created from FAME and BAME standards to identify and quantify 




Table 6.1. GC-MS operating parameters for FAME analysis in replicate trials 
Parameter Condition 
Column HP-5 (5%-Phenyl)-methylpolysiloxane (30m x 0.25mm x 
0.25µm) 
Carrier Gas Helium 
Flow Rate 1mL/min  
Injection   
Volume 1µL 
Type Split mode 
Temperature 250°C 
Split Ratio 10:1 for 3.5min then off 
Split Flow 1mL/min  
Oven  
Initial Temperature 135°C 
Rate Hold 4min; 4°C/min until 240°C, hold 10min  
MS Parameters  
Acquisition Mode Scan 
Scan Parameters 50-450 m/z  
Solvent Delay 6min  
 
6.1.3 Statistics  
The statistical analyses performed with the soft tissue results were the same as 
those performed using decomposition fluid (see section 5.1.6).  SigmaPlot version 12.5 
was used to identify significant relationships between the fatty acid results obtained by 
GC-MS and time or between groups using Pearson product moment and Spearman’s rank 
order correlations.  One way repeated measures ANOVAs, using pairwise multiple 
comparison procedures (Holm-Sidak method), were conducted to identify periods of time 
when the amounts of individual fatty acids from each carcass group were significantly 
different from one another.   
PAST version 2.06 was used to perform PCAs, which creates biplots showing a 
visual representation of the variables (i.e. loadings/ vectors) that are responsible for the 
variation in the data.  The purpose of performing these analyses was to observe trends in 
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the fatty acid distributions during each decomposition stage, to identify fatty acids that 
could be used to predict the decomposition stage exhibited by the carcass and thus assist 
in the estimation of a PMI.   
6.2 Results   
6.2.1 pH  
 The pH of the upper torso (UT) tissue in Trial 2 was initially approximately 6.5 
for both carcass groups (Figure 6.1a).  Both groups of carcasses exhibited significant 
strong positive correlations (r ≥ 0.89, p< 0.001) with time until day 6 (133 ADD).  The 
pH from both groups exhibited a significant strong positive correlation (r= 0.88, p< 
0.001) with one another until day 41 (853 ADD), after which point the groups diverged.  
For the remainder of the study, the pH from the inclusion carcasses was significantly 
lower than from the partial exclusion carcasses (p< 0.05) and measured at pH 4.5 on the 
last day, while the pH from the partial exclusion group remained neutral.   
The pH from the lower torso (LT) tissue was initially approximately 6 (Figure 
6.1b).  The pH from both groups displayed significant very strong positive correlations (r 
≥ 0.95, p< 0.001) with time and with each other until day 6 (133 ADD).  Following day 6 
(133 ADD), the pH from each group was significantly different (p< 0.001) from one 
another, whereby the inclusion group exhibited higher pH during active decay, but a 
lower pH than the partial exclusion group thereafter.  The pH from the inclusion group 
exhibited a significant very strong negative correlation (r= -0.92, p< 0.001) following day 
11 (219 ADD), reaching a final value of 5.  The pH from the partial exclusion carcasses 
exhibited a significant very strong positive correlation (r= 0.92, p< 0.001) between days 
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9-25 (178-499 ADD), followed by a significant strong negative correlation (r= -0.88, p< 










































































































































































































































































The initial pH values in Trial 3 from the UT tissue were approximately 6.5 from 
all carcass groups (Figure 6.2a).  All three carcass groups increased in alkalinity 
thereafter, but at different rates.  The inclusion and partial exclusion groups displayed 
significant very strong positive correlations (r= 0.92 & r=0.96, p< 0.001) until days 15 
and 22 (275 and 435 ADD) respectively, and the complete exclusion carcass displayed a 
significant strong positive correlation (r= 0.83, p< 0.001) until day 27 (526 ADD).  
Between days 10-22 (179-435 ADD), which corresponded to the insect activity stages, 
the pH of the complete exclusion carcass was significantly lower than each of the other 
groups (p< 0.05).  The inclusion and partial exclusion groups subsequently exhibited 
significant very strong negative correlations (r≤ -0.93, p< 0.001), reaching pH values of 
approximately 4.5 and 7, respectively.  The complete exclusion carcass also exhibited a 
significant strong negative correlation (r= -0.89, p< 0.05) following day 27 (526 ADD), to 
a final pH of 7.5.  During this time (i.e. between days 27-105; 526-2155 ADD, 
corresponding to the remains stage), the pH from the inclusion group was significantly 
lower (p< 0.001) than each of the exclusion groups.   
The pH values from the LT tissue from all carcass groups were initially 6 (Figure 
6.2b).  The inclusion and partial exclusion groups subsequently exhibited significant 
strong positive correlations (r ≥ 0.83, p< 0.001) with each other and with time, until a 
maximum of pH 8.5 was reached on day 12 (222 ADD).  Following day 12 (222 ADD), 
both groups displayed significant very strong negative correlations (r ≤ -0.92, p< 0.001) 
with time until the end of the study, reaching final values of 5 and 6 for the inclusion and 
partial exclusion groups, respectively.  The complete exclusion carcass became more 
alkaline, exhibiting a significant very strong positive correlation (r= 0.93, p< 0.001) until 
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a maximum value of 8.5 was reached on day 41 (835 ADD).  Significant differences (p< 
0.05) between the exclusion groups were observed between days 12-22 (222-435 ADD), 
correlating with the localized tissue removal stage.  Significant differences were also 
observed between all carcass groups (p< 0.05) following day 22 (435 ADD), whereby the 
inclusion group had a lower pH value than the partial exclusion group, which had a lower 
pH value than the complete exclusion carcass.   
In Trial 4, the initial pH values from the UT were approximately 6 from each 
carcass group (Figure 6.3a).  The pH from the inclusion and partial exclusion groups 
exhibited significant very strong positive correlations (r ≥ 0.97, p< 0.001) until days 15 
and 22 (272 and 392 ADD).  Following day 15 (272 ADD), the inclusion group exhibited 
a significant very strong negative correlation (r= -1.00, p< 0.001) until the end of the 
study, reaching a final pH value of 4.5.  The exclusion groups also displayed significant 
strong negative correlations (r ≤ -0.83, p< 0.001) following day 22 (272 ADD).  The 
complete exclusion carcass exhibited a significant very strong positive correlation (r ≥ 
0.93, p< 0.001) with time and with the partial exclusion carcass, until day 7 (138 ADD), 
which corresponded with the onset of the localized tissue removal stage, after which point 
the trends diverged.  Between days 8-20 (153-357 ADD) the pH of the complete 
exclusion carcass was significantly lower (p< 0.001) than both the inclusion and partial 
exclusion groups.  Following day 22 (272 ADD), the partial and complete exclusion 
groups were significantly different (p <0.05) from one another, whereby the complete 
exclusion carcass was more alkaline than the partial exclusion group, and the inclusion 
group had a significantly lower pH (p< 0.001) than each of the exclusion groups.   
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The initial pH from the LT tissue was between 5 and 6 (Figure 6.3b).  The pH 
from the inclusion carcasses exhibited a significant very strong positive correlation (r= 
0.99, p< 0.001) until day 15 (272 ADD), followed by a significant strong negative 
correlation (r= -0.89, p< 0.001) with time, reaching a final pH of 6.  The partial exclusion 
carcasses exhibited a significant very strong positive correlation (r= 0.94, p, 0.001) until 
day 18 (326 ADD), followed by a significant strong negative correlation (r= -0.82, p< 
0.001), measuring a final pH of 7.  The complete exclusion carcass exhibited a significant 
strong positive correlation (r= 0.71, p< 0.05) until day 22 (392 ADD) and displayed a 
significant very strong positive correlation (r= 0.95, p< 0.05) with the partial exclusion 
group until day 5 (112 ADD).  The trends between the exclusion groups diverged 
thereafter, during the localized tissue removal stage.  Between days 8-20 (153-357 ADD), 
the pH from the complete exclusion carcass had a significantly lower pH (p< 0.001) than 
each of the other groups, and following day 22 (392 ADD), the inclusion group had a 






































































































































































































































































































































































































































































































































6.2.2 GC-MS  
6.2.2.1 FAME Trends  
 The dominant fatty acids (myristic, palmitic, palmitoleic, stearic, oleic, and 
linoleic acids) were consistently detected in all tissue samples throughout decomposition 
by GC-MS.  The percent abundance of each fatty acid in each sample was plotted to 
illustrate the general trends over time in each carcass group (Figures 6.4-6.6) and 
individual fatty acids were plotted over time to observe the specific trends throughout 
decomposition (see Appendices E-G for individual fatty acid trends).  The initial and final 
percentage of each major fatty acid detected from each carcass group and in each trial can 
be found in Tables 6.2 and 6.3.  Several minor fatty acids were also detected in the 
majority of tissue samples in each trial (see Table 6.4, page 189).  These include: 11-
hexadecanoic, 12- and 13- methyltetradecanoic, 15-methylhexadecanoic, arachidic, 
arachidonic, capric, cis-10-heptadecenoic, cis-11,14-eicosadienoic, cis-8,11,14-
eicosatrienoic, eicosenoic, lauric, linolenic, margaric, myristoleic, pentadecanoic, and 
tridecanoic acids.  The percent abundance of each of the major fatty acids and the sum of 
the minor fatty acids was calculated in each sample and used for analysis.  The individual 
FAME results obtained from the UT and LT tissue were compared and were overall, 
significantly different (p< 0.05) (detailed results can be found in Appendix D).  As such, 




















I F I F I F I F I F I F I F I F 
Myristic 1.89 5.26 1.66 2.54 1.73 3.39 1.38 2.35 1.32 2.15 2.19 5.51 1.95 3.89 1.88 2.96 
Palmitic 19.17 27.51 19.50 19.72 28.14 51.52 23.54 28.35 23.53 22.99 36.52 36.91 34.50 24.35 34.82 27.89 
Palmitoleic 3.42 3.68 3.27 4.89 2.66 0.38 3.22 3.55 2.88 4.95 2.82 0.71 2.20 4.48 2.55 4.98 
Stearic 11.26 24.00 11.00 17.96 10.22 34.63 11.07 18.51 10.14 13.41 12.10 40.11 11.27 18.14 11.81 12.72 
Cis-Oleic 30.24 27.22 31.30 28.99 33.72 6.17 31.62 33.26 34.47 38.16 28.49 9.28 30.42 29.68 32.40 27.79 
Trans-
Oleic 
0.34 3.40 0.76 0.86 n/d* 1.55 0.28 n/d n/d n/d n/d 1.48 n/d n/d n/d n/d 
Linoleic 30.12 5.18 29.48 21.50 22.74 0.26 28.06 13.04 26.56 17.07 16.99 0.29 18.83 16.73 15.98 22.11 
* n/d: not detected 
177 
 















I F I F I F I F I F I F I F I F 
Myristic 1.55 4.32 1.37 2.36 1.56 5.00 1.66 1.69 1.58 2.79 1.75 3.25 1.77 3.05 2.07 6.81 
Palmitic 20.68 45.25 20.15 25.36 27.96 30.89 24.06 35.79 23.81 9.86 35.21 39.21 34.88 28.57 35.43 27.27 
Palmitoleic 2.88 2.21 2.81 4.23 2.45 0.20 3.50 1.55 2.89 6.36 2.25 1.08 1.74 3.28 2.38 1.93 
Stearic 11.45 24.25 11.04 19.50 11.54 55.65 11.54 20.34 11.76 13.81 9.64 41.61 10.77 17.27 11.14 37.21 
Cis-Oleic 32.47 15.54 32.83 25.58 33.77 2.30 29.58 31.00 32.53 43.48 35.59 9.67 33.75 26.56 32.75 20.02 
Trans-
Oleic 
0.92 1.53 1.19 1.20 n/d 1.21 0.23 n/d n/d n/d n/d 1.22 n/d 1.00 n/d 1.23 
Linoleic 27.00 3.75 28.06 18.26 22.06 0.23 28.22 8.51 26.21 22.23 14.77 0.49 16.47 18.66 15.62 3.07 
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The FAME results from the soft tissue collected during Trial 2 are shown in 
Figure 6.4.  Overall, myristic and stearic acids displayed significant strong positive 
correlations (r > 0.76, p< 0.001) with time among the inclusion group and significant 
moderate positive correlations (r > 0.52, p< 0.001) among the partial exclusion group, in 
each of the UT and LT tissues.  The percentage of myristic acid from the inclusion group 
was significantly greater (p< 0.001) than the partial exclusion group throughout the study, 
and the percentage of stearic acid detected from the inclusion group was significantly 
greater (p< 0.05) than the partial exclusion group during late decomposition. 
Cis-oleic acid detected from the LT tissue from both carcass groups displayed 
significant strong negative correlations overall (r > 0.72, p< 0.001).  No significant 
differences were observed between the carcass groups in either tissue type.  Trans-oleic 
acid detected from both carcass groups exhibited significant very strong positive 
correlations (r ≥ 0.93, p< 0.001) with time during late decomposition in both tissue types 
(but occurred earlier in the LT tissue).  During late decomposition, the percentage of 
trans-oleic acid detected from the inclusion group was significantly greater (p< 0.05) than 
the partial exclusion group.   
The percentage of linoleic acid detected from the inclusion group exhibited 
significant moderate and strong negative correlations (r ≤ -0.59, p< 0.05) throughout 
decomposition in each of the UT and LT tissues.  The percentage of linoleic acid detected 
from the inclusion group was significantly lower (p< 0.05) than the partial exclusion 




Figure 6.4. Trial 2 fatty acid percent abundance trends in tissue in: a. UT from the inclusion group, b. UT from the partial exclusion group, c. LT from the 





Palmitic acid detected from the inclusion group exhibited a significant very strong 
negative correlation (r= -1.00, p< 0.05) during the active decay stage in both tissue types.  
The percentage of palmitic acid detected from the partial exclusion group exhibited a 
significant strong negative correlation (r= -0.88, p< 0.001) during the localized tissue 
removal stage in the LT tissue.  Following the onset of the advanced decay stage, the 
amount of palmitic acid detected from the inclusion group displayed a significant 
moderate to strong positive correlation (r ≥ 0.67, p, 0.05) with time and was significantly 
greater (p< 0.05) than the partial exclusion group during late decomposition in each tissue 
type.  The percentage of palmitoleic acid detected from the inclusion and partial exclusion 
groups exhibited significant very strong positive correlations (r ≥ 0.92, p< 0.001) with 
time until day 15 (298 ADD) in both tissue types.  Palmitoleic acid detected from both 
carcass groups subsequently exhibited significant strong negative correlations (r ≤ -0.72, 
p< 0.05) with time in each of the UT and LT tissues.      
In summary, the percentage of myristic and stearic acids detected from both the 
inclusion and partial exclusion groups increased throughout decomposition.  Palmitic acid 
detected from each carcass group decreased during the insect activity stages but increased 
thereafter.  The amount of UFAs (i.e. cis-oleic, linoleic, and palmitoleic acids) from both 
carcass groups decreased during the later stages of decomposition.  The percentage of 
each SFA detected from the inclusion group was greater than the partial exclusion group 
and the percentage of each UFA detected from the inclusion group was lower than the 
partial exclusion group during late decomposition.   
The FAME results from the soft tissue in Trial 3 are shown in Figures 6.5 & 6.6.  
No significant trends were observed in the amount of myristic acid detected from either 
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exclusion group and tissue type.  Following day 22 (435 ADD), the percentage of 
myristic acid detected from the inclusion group was significantly greater (p< 0.05) than 
each of the exclusion groups in both tissue types.   
Stearic acid detected from the inclusion group displayed significant strong 
positive correlations (r ≥ 0.86, p< 0.001) in both of the UT and LT tissues overall.  The 
percentage of stearic acid detected in each tissue type from the partial exclusion group 
exhibited significant strong and moderate positive correlations (r ≥ 0.68, p< 0.001) 
overall, and the complete exclusion carcass exhibited significant moderate positive 
correlations (r ≥ 0.41, p< 0.05) overall.  Following the onset of the localized tissue 
removal stage, the amount of stearic acid detected from the inclusion group was 
significantly greater (p< 0.001) than the partial exclusion group, which was subsequently 
greater (p< 0.05) than the complete exclusion carcass.   
There were no significant trends in the percentage of cis-oleic acid detected from 
either exclusion group and in either tissue type.  Following day 22 (435 ADD) in both 
tissues, which corresponded to the dry stage, the inclusion group exhibited significant 
strong negative correlations (r= -0.86, p< 0.05) with time and was significantly lower (p< 
0.05) than both exclusion groups in each of the UT and LT tissues.  Trans-oleic acid was 
only detected in the inclusion group following the onset of the advanced decay stage.  
Linoleic acid detected from the inclusion group displayed significant strong 
negative correlations (r ≤ -0.79, p< 0.001) and the partial exclusion group displayed 
significant moderate and strong negative correlations (r ≤ -0.68, p< 0.001) overall in each  
tissue type.  The complete exclusion carcass displayed an overall significant strong 
negative correlation (r= -0.78, p< 0.001) with time in the UT tissue.  Following the onset 
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of the advanced decay stage, the percentage of linoleic acid detected from the inclusion 
group was significantly lower (p< 0.001) than each of the exclusion groups.       
The amount of palmitic acid detected from the inclusion and partial exclusion 
groups in each tissue type exhibited significant strong positive correlations (r ≥ 0.79, p< 
0.001) with time following day 15 (275 ADD).  During the late decomposition, the 
percentage of palmitic acid detected from the inclusion group was significantly greater 
(p< 0.05) than each of the exclusion groups in the UT and LT tissues.  In contrast,  the 
amount of palmitoleic acid detected from the inclusion and partial exclusion groups 
exhibited significant strong negative correlations (r ≤ -0.70, p< 0.001) in both tissue types 
following day 15 (275 ADD).  During this time, the percentage of palmitoleic acid 
detected from the inclusion group was significantly lower (p< 0.05) than each of the 
exclusion groups in each of the UT and LT tissues.   
 In summary, the percentage of stearic acid detected from each carcass group 
increased overall and following the localized tissue removal stage, the amount from the 
inclusion group was greater than the partial exclusion group, which was subsequently 
greater than the complete exclusion carcass.  The percentage of palmitic acid detected 
from the inclusion and partial exclusion groups increased during late decomposition and 
the amount of palmitic and myristic acids detected from the inclusion group was greater 
than both exclusion groups during this time.  Overall, the percentage of linoleic acid 
detected from in each carcass group decreased, while the amount of cis-oleic and 
palmitoleic acids decreased during the later stages of decomposition.  During this time, 
the amount of each UFA detected from the inclusion group was lower than each of the 






Figure 6.5. Trial 3 fatty acid percent abundance trends from the upper torso (UT) tissue in: a. the 












































































































































































































































































































































































































Figure 6.6. Trial 3 fatty acid percent abundance trends from the lower torso (LT) tissue in: a. the 












































































































































































































































































































































































The FAME results from the soft tissue in Trial 4 are shown in Figures 6.7 & 6.8.  
Myristic acid detected from the inclusion group displayed a significant strong positive 
correlation (r= 0.87, p< 0.001) throughout decomposition in the UT tissue.  The 
percentage of myristic acid detected from the partial exclusion group exhibited significant 
strong and very strong positive correlations (r ≥ 0.72, p< 0.001) and the percentage 
detected from the complete exclusion carcass exhibited significant strong and moderate 
positive correlations (r ≥ 0.56, p< 0.05) overall in both tissue types.  During the insect 
activity and dry stages in both tissues, the percentage of myristic acid detected from the 
inclusion group was significantly greater (p< 0.001) than from the partial exclusion 
group, which was subsequently greater than the complete exclusion carcass.  
The percentage of stearic acid detected from the inclusion and partial exclusion 
groups and from the complete exclusion carcass exhibited significant strong and moderate 
positive correlations (r ≥ 0.80, p< 0.001 & r ≥ 0.51, p< 0.05, respectively) in each tissue 
type overall.  Following day 5 (112 ADD), which corresponded to the onset of the insect 
activity stages, stearic acid detected from the complete exclusion carcass was 
significantly lower (p< 0.001) than each of the other groups until day 20 (357 ADD) in 
the UT tissue.  The percentage of stearic acid detected from the inclusion group was 
significantly greater (p< 0.001) than each of the exclusion groups following the onset of 
the dry stage and the percentage from the partial exclusion group was significantly greater 
(p< 0.05) than the complete exclusion carcass in each tissue type thereafter.     
 Cis-oleic acid detected from the inclusion group exhibited significant strong 
negative correlations (r ≤ -0.74, p< 0.05) overall in each tissue type.  The percentage of 
cis-oleic acid detected from the exclusion groups displayed significant moderate and 
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strong negative correlations (r ≥ -0.53, p< 0.001) overall in each tissue type.  During the 
insect activity stages, the amount of cis-oleic acid detected from the complete exclusion 
carcass was significantly greater (p< 0.001) than each of the other carcass groups in the 
UT tissue.  During the dry stage, cis-oleic acid detected from the inclusion group was 
significantly lower (p< 0.05) than each of the exclusion groups in the LT tissue.  Trans-
oleic acid was only detected in the inclusion group during the dry stage, and was detected 
in the exclusion groups on the last few sampling days in the LT tissue.   
 Following the onset of the advanced decay and active decay stages, the amount of 
linoleic acid detected from the inclusion group displayed a significant very strong 
negative correlation (r= -0.93, p< 0.001) with time in the UT and LT tissue, respectively.  
Following the onset of the dry and advanced decay stages, the percentage of linoleic acid 
detected from the inclusion group was significantly lower (p< 0.001) than each of the 
exclusion groups in the UT and LT tissue, respectively.     
The percentage of palmitic acid detected from the inclusion group exhibited a 
significant strong positive correlation (r ≥ 0.71, p< 0.05) with time following the onset of 
the dry stage and was significantly greater (p< 0.001) than both exclusion groups during 
late decomposition in each tissue type.   During the active and advanced decay stages, the 
amount of palmitoleic acid detected from the inclusion group was significantly greater 
(p< 0.001) than each exclusion group in each tissue type.    In the LT tissue, palmitoleic 
acid detected from the inclusion group exhibited a significant very strong negative 
correlation (r= -0.93, p< 0.001) with time following the onset of the advanced decay stage 
and was significantly lower (p< 0.001) than each exclusion group during this time.      
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In summary, the percentage of myristic acid detected from all carcass groups and 
the percentage of stearic acid detected from the inclusion and partial exclusion groups 
increased throughout decomposition.  During the insect activity and dry stages, the 
amount of myristic and stearic acids detected from the inclusion group was greater than 
the partial exclusion group which was subsequently greater than the complete exclusion 
carcass.  The percentage of palmitic acid detected from the inclusion group increased 
during the dry stage and was greater than both exclusion groups.  The percentage of cis-
oleic acid detected from all carcass groups decreased throughout decomposition, while 
the percentage of linoleic and palmitoleic acids from the inclusion group decreased during 
the later stages of decomposition.  The amount of cis-oleic acid detected from the 
complete exclusion carcass during the insect activity stages was greater than each of the 
inclusion and partial exclusion groups, but during the later stages of decomposition, the 
percentage of each UFA detected from the inclusion group was lower than each of the 







Figure 6.7. Trial 4 fatty acid percent abundance trends from the upper torso (UT) tissue in: a. the 

































































































































































































































































































































































































































Figure 6.8. Trial 4 fatty acid percent abundance trends from the lower torso (LT) tissue in: a. the 






























































































































































































































































































































































































































The minor fatty acids detected throughout each trial are listed in Table 6.2.  The 
total minor fatty acid content was consistently detected between 1%-5% in Trial 2, 
between 0.5%-1.5% in Trial 3, and between 0.5%-3% in Trial 4 in each of the UT and LT 
tissue (see Figures 6.4-6.6).  Significant differences (p< 0.001) were observed in the UT 
tissue collected in Trial 3 between the inclusion group and each of the exclusion groups 
following day 27 (526 ADD), whereby the minor fatty acids detected from the inclusion 





Table 6.4. Minor fatty acids detected from soft tissue in Trials 2, 3, & 4 
 Trial 2 Trial 3 Trial 4 
11-hexadecanoic 
acid 




















X X  
 
Arachidic acid X X X 
Arachidonic acid X X X 
Capric acid X X X 
Cis-10- 
heptadecenoic acid 
 X  
Cis-11, 14- 
eicosadienoic acid 
X X  
Cis-8,11,14-
eicosatrienoic acid 
X   
Eicosenoic acid X   
Lauric acid X X X 
Linolenic acid  X X 
Margaric acid  X X X 
Myristoleic acid  X X 
Pentadecanoic acid  X X X 




7.2.2.2 PCA  
 PCA was performed to identify the relationships between the dominant fatty acids 
present in each decomposition stage, or group of stages.  The biplots created from the 
analysis illustrate the fatty acids that best characterize the stages in each trial.  The fresh 
and bloat stages were plotted together since all carcass groups passed through these 
stages.  The insect activity stages (i.e. active decay and localized tissue removal) and 
deflation stage were plotted together to observe the effect insects have on fatty acid 
composition, the advanced decay and dry decomposition stages were plotted together, and 
the dry, remains, and desiccation stages were plotted on the same biplot to observe the 
dominant fatty acids during late decomposition.  The UT and LT tissue data were each 
plotted separately.   
 The PCA biplot resulting from the fresh and bloat ordination data from the UT 
tissue distinguished Trials 2 and 3 from Trial 4 (Figure 6.9a).  The first component 
explained 77.6% of the observed variation, and the second component explained 14.9%.  
The fresh and bloat stages in Trials 2 and 3 were discriminated by linoleic acid (r= -0.97, 
p< 0.001) and the fresh and bloat stages in Trial 4 were discriminated by palmitic acid 
(r=0.87, p< 0.001).   
The fresh and bloat stages from the LT tissue were clustered based on stage and 
trial (Figure 6.9b).  The first component explained 91.9% of the variation observed, and 
the second component explained 6.7%.  The fresh and bloat stages in Trials 2 and 3 were 
significantly correlated with linoleic (r= -1.00, p< 0.001) and oleic (r= 0.91, p< 0.001) 
acids.  The fresh stage in Trial 4 was significantly correlated with palmitic acid (r= 0.93, 
p< 0.001) and the bloat stage was characterized by both palmitic and oleic acids. 
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 The active decay, localized tissue removal, and deflation stage ordination data 
from the UT tissue were plotted together and illustrated clustering of the active decay and 
localized tissue removal stages from Trials 2 and 3 (Figure 6.10a).  The first component 
only explained 64.8% of the variation observed and the second component explained 
26.7%.  The insect activity stages in Trials 2 and 3 were significantly correlated with 
linoleic acid (r= -0.69, p, 0.05).  Although the ordination data from Trial 4 was not 
clustered, the carcass groups were significantly correlated with palmitic (r= 0.93, p< 
0.001) and stearic (r= 0.79, p< 0.05) acids.  The deflation stage was not significantly 
correlated with any fatty acids.   
  The ordination data from the LT tissue from the active decay, localized tissue 
removal, and deflation stages displayed closely related data from each of the active decay 
and localized tissue removal stages in Trials 2 and 3 (Figure 6.10b).  The first component 
only explained 66.6% of the variation observed, and the second component explained 
22.4%.  The active decay and localized tissue removal stages were not significantly 
correlated with any fatty acid.  The carcass groups from Trial 4 were characterized by 
palmitic acid (r= 0.90, p, 0.001) and the deflation stage in Trial 3 was characterized by 






Figure 6.9. Ordination produced from PCA of fatty acids measured from tissue in each carcass group in 
Trials 2, 3, and 4 during the fresh and bloat stages from: a. upper torso, b. lower torso (I= inclusion 






   
 
Figure 6.10. Ordination produced from PCA of fatty acids measured from tissue during the active decay, 
localized tissue removal, and deflation stages in Trials 2, 3, and 4 from: a. upper torso, b. lower torso (I= 
inclusion group, PE= partial exclusion group, CE= complete exclusion group, Ac= active decay, L= 





The biplot created from the ordination data from the UT tissue during the 
advanced decay and dry decomposition stages can be seen in Figure 6.11a.  The first 
component explained 87.5% of the variation observed and the second component 
explained 7.5%.  The advanced decay and dry decomposition stages from Trials 2 and 4 
were clustered and were characterized by stearic acid (r= 0.69, p< 0.05), while the 
advanced decay and dry decomposition stages from Trial 3 were significantly correlated 
with myristic acid (r= 0.93, p< 0.001).  The dry decomposition stage in the complete 
exclusion carcass in Trial 3 was significantly correlated with oleic acid (r= 0.71, p< 0.05).   
The ordination data from the LT tissue during advanced decay and dry 
decomposition stages distinguished each of the advanced decay and partial exclusion dry 
decomposition stages during Trials 2 and 4 from one another, as well as from the 
advanced decay and partial exclusion dry decomposition stages in Trial 3 (Figure 6.11b).  
The first component only explained 57.5% of the variation observed and the second 
component explained 32.6%.  The advanced decay stage in Trials 2 and 4 were 
significantly correlated with myristic acid (r= -0.90, p< 0.001) and the partial exclusion 
dry decomposition stage in Trials 2 and 4 were significantly correlated with linoleic acid 
(r= -0.90, p< 0.001).  The advanced decay and partial exclusion dry decomposition stages 








Figure 6.11. Ordination produced from PCA of fatty acids from tissue measured during the advanced 
decay and dry decomposition stages in Trials 2, 3, and 4 from: a. upper torso, b. lower torso (I= inclusion 






A biplot was created from the ordination data from the UT tissue during the late 
decomposition stages (i.e. dry, remains, and desiccation), which is shown in Figure 6.12a.  
The first component explained 81.0% of the variation observed and the second 
component explained 9.9%.  The desiccation stage in Trial 2 was characterized by linoleic 
acid (r= -1.00, p< 0.05) and the remains stage in Trial 3 was characterized by stearic acid 
(r= 0.89, p, 0.05).  The dry and desiccation stages from the other trials were not 
significantly correlated with any fatty acid.       
 The ordination data from the LT tissue during the late decomposition stages can 
be seen in Figure 6.12b.  The first component explained 90.9% of the observed variation 
and the second component explained 6.8%.  The dry and desiccation stages in Trial 3 
were significantly correlated with oleic acid (r= 0.94, p< 0.05), while the dry and 
desiccation stages in Trial 2 were significantly correlated with linoleic acid (r= 0.94, p, 






Figure 6.12. Ordination produced from PCA of fatty acids measured from tissue during the dry, remains, 
and desiccation stages in Trials 2, 3, and 4 from: a. upper torso, b. lower torso (I= inclusion group, PE= 
partial exclusion, R= remains, Ds= desiccation) 






6.3.1 pH  
 The pH values of the soft tissue collected from each experimental group followed 
similar trends at the beginning of decomposition, which was especially evident between 
the exclusion groups.  However, the onset of the insect activity stages caused the groups 
to differentiate.  When insects were present on the carcasses, the pH increased, causing 
the inclusion group to have a significantly higher pH than the partial exclusion group, 
which was subsequently higher than the complete exclusion carcasses.  The increase in 
alkalinity was likely the result of the high levels of ammonia being released from the 
feeding of maggots (Turner, 2005), which would subsequently have been converted to 
ammonium.  The increased ammonium levels would thus create an increase in pH 
(Hopkins et al., 2000).  A gradient in the levels of pH was observed, indicating that the 
degree of maggot activity present on the carcasses also influences the magnitude of the 
pH measurements, with more activity leading to a greater increase in pH. 
 Following the insect activity stages, the pH from the inclusion and partial 
exclusion groups decreased, which also caused significant differences between the 
groups.  However, the pH from the inclusion group was significantly lower than the 
exclusion groups during this time and the pH from the partial exclusion group was often 
lower than the complete exclusion carcasses.  During these later stages of decomposition, 
the tissue collected from the inclusion group was primarily dry skin.  One study 
investigating the effect of pork cut on pH observed that pork belly had a higher pH than 
the loin, which was caused by the higher amounts of fat present in the belly (Park et al., 
2007).  Soft tissue was not physically removed from the complete exclusion carcasses, 
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allowing them to maintain higher levels of fat in the soft tissue collected.  In contrast, the 
tissue collected from the partial exclusion carcasses contained less fat than the complete 
exclusion carcasses, as a result of insect activity.  It is also possible that, following the 
migration of maggots, the pH levels decreased due to increased levels of hydrogen and 
organic acids (Gill-King, 1997).  These acids would have been liberated during the 
degradation of protein and lipids (Gill-King, 1997), aided by the activity of maggots.  
6.3.2 GC-MS 
6.3.2.1 FAME Trends  
The FAMEs detected from the soft tissue analysis by GC-MS were examined for 
changes in their percent abundance over time and significant differences between carcass 
groups, indicating the effect of insects on the lipid degradation process.  The upper and 
lower tissues were analyzed separately because significant differences in their fatty acid 
levels were identified.  Several studies investigating human adipose tissue have observed 
site specific differences in fatty acid proportions (Calder et al., 1992; Malcom et al., 
1989).  For example, differences in the amounts of SFA and MUFA were detected 
between the perirenal, abdominal, and tissue collected from the buttocks, which was 
hypothesized to be caused by the different functions of tissues in the body (Malcom et al., 
1989).  More specifically, the study conducted by Calder et al. (1992) found that there 
were significant differences in the proportions of palmitoleic, oleic, and stearic acids in 
several tissue sites.  Site specific differences in fatty acid distributions have also been 
examined in porcine tissue in the food industry.  Research has found that there are 
variations in the composition between the four porcine fat depots: visceral, subcutaneous, 
intermuscular, and intramuscular and in saturated and unsaturated fatty acid ratios in 
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backfat (Monziols et al., 2007).  Different tissues have also been shown to differ in their 
relative amounts of specific fatty acids (Anderson et al., 1970) and differences in the 
thickness of adipose tissue can influence the levels of saturated and unsaturated fatty 
acids present (Davenel, Riaublanc, Marchal, & Gandemer, 1999).        
During Trial 2, the trends in each of the major fatty acids detected from each of 
the inclusion and partial exclusion groups were well correlated with one another.  Both 
carcass groups were accessed by insects and likely shared similar fatty acid distributions 
as a result, however these correlations were not observed in Trials 3 or 4.  It is possible 
that both carcass groups experienced similar effects from insects, even though insects 
were more abundant on the inclusion carcasses because maggots did not feed for an 
extended amount of time on the inclusion carcasses.  On experimental day 8 (169 ADD), 
the maggots were observed migrating prematurely in large masses from the carcasses.  As 
a result, a large amount of tissue remained on the inclusion carcasses following active 
decay, which may have promoted similar lipid degradation rates between both carcass 
groups.   
Significant differences in the levels of fatty acids detected between carcass groups 
were observed during the insect activity stages, especially during Trial 4, indicating that 
insects play a role in the fatty acid degradation process.  The differences observed 
between the carcass groups were not consistent between fatty acids, however.  Maggots 
consume large amounts of cadaveric material and may inadvertently consume fatty acids, 
which would decrease the percent abundance detected in tissue.  Additionally, they help 
degrade and liquefy tissues with their secretions and through physical abrasion using their 
mouth hooks (Devault et al., 2004; Payne, 1965; Turner, 2005), which ultimately releases 
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higher levels of fatty acids into tissue.  They also aerate the carcasses as they feed and 
burrow, which promotes aerobic microorganism activity in tissues (Devault et al., 2004), 
further contributing to the lipid degradation process.             
Trends characteristic of hydrogenation were observed in the carcass groups that 
were accessed by insects particularly in the inclusion group.  Overall, the amount of 
SFAs, such as stearic and palmitic acids increased, while the amount of UFAs, such as 
palmitoleic, oleic, and linoleic acids decreased.  This was observed in both the upper and 
lower tissues in each trial.  In Trial 2, these trends (evidence of hydrogenation) were 
observed during the advanced decay stage, in Trial 3, they were observed following the 
onset of the dry and dry decomposition stages, and in Trial 4, the earliest the trends were 
detected was during the advanced decay stage, but usually occurred during the dry and 
dry decomposition stages.   
The differences observed and the magnitude of the percent abundance exhibited 
by the carcass groups indicate that the presence and abundance of insects influence the 
rate of degradation, whereby large numbers of feeding insects accelerate the rate of lipid 
degradation, and more specifically hydrogenation.  The feeding of the insects may 
increase the rate of lipid degradation by removing large portions of tissue as they feed.  
This also explains why evidence of hydrogenation was generally absent in the complete 
exclusion carcasses: no physical removal of tissue occurred and thus a substantial amount 
remained available for lipid degradation.  Alternatively, as flies oviposit and maggots 
move through the carcasses, they contribute additional microorganisms that can aid in the 
degradation of lipids.  Without the removal of tissue and additional microorganisms, the 
inherent microbes present within the carcasses must degrade all tissues and this requires 
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considerably more time.  Based on the timing of the observed changes in fatty acid 
percentages, hydrogenation requires sufficient time to occur, even in the presence of 
insects, since it was only observed during the later stages of decomposition.       
The six major fatty acids (i.e. myristic, palmitic, stearic, oleic (cis), and linoleic 
acids), accounted for approximately 96% of the total fatty acid content in Trial 2 and at 
least 98% in Trials 3 and 4.  These totals are similar to results obtained in other studies 
investigating the fatty acid content in porcine tissue (Kagawa et al., 1996; Notter et al., 
2009).  Cis-oleic acid was the dominant fatty acid and accounted for 29-34% of the total 
fatty acid content at the beginning of each trial.  All studies that have investigated porcine 
adipose tissue have also reported oleic acid as the major fatty acid, detected at amounts 
between 34%-54% (Davenel et al., 1999; Kagawa et al., 1996; Notter et al., 2009; Timón, 
Ventanas, Carrapiso, Jurado, & Garcia, 2001; Wood et al., 2008).  More specifically, the 
cis isomer is the dominant form of oleic acid in pigs (Wood et al., 2008).   
In the current study, the second most abundant fatty acid at the beginning of Trials 
2 and 3 was linoleic acid (22%-30%), followed by palmitic acid (19%-28%), while in 
Trial 4, the next abundance fatty acid was palmitic acid (34%-36%), followed by linoleic 
acid (14%-18%).  Stearic acid was the fourth most abundance fatty acid in all trials.  The 
order of fatty acid abundance observed from Trials 2 and 3 is contradictory to the findings 
of most other studies, which have typically reported linoleic as being detected at much 
lower amounts: 6%-12% (Davenel et al., 1999; Kagawa et al., 1996; Notter et al., 2009; 
Timón et al., 2001).  The reason that linoleic was detected in high amounts in this study 
may be explained by the type of diet that was consumed by the pigs obtained in Trials 2 
and 3.  Linoleic acid cannot be synthesized by the body and must be obtained entirely 
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from the diet (Kagawa et al., 1996) and the proportion of linoleic acid detected in tissue 
will increase linearly as dietary linoleic acid increases (Wood et al., 2008).  It is believed 
that since the TG turnover rate in adipose tissue is low, the proportion of fatty acids in the 
tissue reflect the dietary fat intake from the previous year (Calder et al., 1992; Malcom et 
al., 1989) because fatty acids accumulate in the tissues with little change (Timón et al., 
2001).  Further, it has been found that the fatty acid composition of pig fat can be altered 
significantly by the fatty acid content of the diet (Anderson, Kauffman, & Benevenga, 
1972).  Linoleic acid detected from the carcasses in Trial 4 was not as abundant, 
indicating that the pigs likely consumed a diet lower in this PUFA and may account for 
the differences observed between trials. 
The minor fatty acids detected ranged in value from 0.5%-5%.  Other studies have 
detected minor fatty acids totaling less than 1% of the fatty acid composition (Kagawa et 
al., 1996; Notter et al., 2009).  However, other studies only detected an additional three to 
four fatty acids: lauric, myristoleic, and pentadecanoic (Kagawa et al., 1996), and lauric, 
pentadecanoic, arachidonic, and eicosenoic acids (Notter et al., 2009).  In the present 
study, an additional 17 minor fatty acids were detected, with 15 minor fatty acids being 
the most detected in any given trial.  This indicates that the extraction and detection 
methods employed were sufficiently sensitive to extract a large range of fatty acids 
present in the tissue samples, despite their trace levels.   
The differences observed in the amount of minor fatty acids detected between the 
inclusion and exclusion groups in Trial 3 were unexpected and the reason for the 
difference is unclear.  The amount of minor fatty acids from the inclusion group was 
greater than both exclusion groups at the end of decomposition, which is similar to the 
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observations made from the major SFAs detected.  However 9 out of the 15 minor fatty 
acids detected were unsaturated, which should have led to a decrease in their total 
abundance.  It is possible that the amount of minor SFAs detected were present in higher 
amounts than the UFAs and thus led to the increase observed.   In Trial 4, the divergence 
of trends occurred following the onset of the insect activity stages, suggesting that insects 
influenced their abundance.  Additionally, the percent abundance of the minor fatty acids 
detected from the inclusion group was greater than the partial exclusion group, which was 
greater than the complete exclusion group, suggesting that the abundance of the 6 minor 
SFAs (out of 10 total minor fatty acids detected) exceeded that of the UFAs.    
6.3.2.2 PCA 
    The PCA biplots created from the ordination data during the fresh and bloat 
stages for all carcass groups and both tissue types in each trial differentiated Trials 2 and 
3 from Trial 4.  Trials 2 and 3 were correlated with linoleic acid, while Trial 4 was 
correlated with palmitic acid.  The reason for the distinction between the trials may have 
been caused by the diet consumed by the pigs used in each.  Linoleic acid was initially the 
second most abundant fatty acid in Trials 2 and 3, while palmitic acid was the second 
most abundant fatty acid in Trial 4.  Cis-oleic acid was the major fatty acid in all trials 
and so was not a discriminatory fatty acid.  The abundance of linoleic acid detected from 
tissues in Trials 2 and 3 was entirely attributable to diet and it can therefore be 
hypothesized that during the early stages of decomposition (i.e. during the fresh and bloat 
stages), the fatty acid distribution resulting from the individual’s diet will influence the 
characteristic fatty acids detected.   
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The biplot depicting the active decay, localized tissue removal, and deflation 
stages did not illustrate any clusters of stages or groups, however the insect activity stages 
from Trials 2 and 3 in the UT tissue were all located in the same quadrant and were 
correlated with linoleic acid.  The data from Trial 4 were not closely grouped on the 
biplot but was correlated with palmitic acid in both tissue types.  Linoleic and palmitic 
acids were also well correlated with the data from Trials 2 and 3 and Trial 4, respectively, 
during the fresh and bloat stages and therefore would not serve as useful biomarkers to 
accurately identify the decomposition stage of the carcasses.  The deflation stage in Trial 
3 was not closely grouped with the insect activity stages from the same trial, which 
indicates that the absence of insects had an effect on the characteristic fatty acids detected 
from that carcass. 
Analysis conducted on the ordination data from the advanced and dry 
decomposition stages illustrated that Trials 2 and 4 were more closely related than Trial 3 
in both tissue types.  During Trials 2 and 4, the final stage observed from the partial 
exclusion groups was dry decomposition, while in Trial 3, the desiccation stage was 
observed.  The inclusion groups from Trials 2 and 4 also experienced lengthy advanced 
decay stages, which were only followed by the dry stage; the remains stage was not 
observed.  The data from Trials 2 and 4 therefore are averaged from more experimental 
days than from Trial 3 and likely influenced the characteristic fatty acids detected during 
these stages. 
Similarly, the biplot depicting the dry, remains, and desiccation stages also 
demonstrate that the stages from Trial 3 are more closely grouped than those from Trials 
2 and 4.  However, the desiccation stage from Trial 2 and the remains stage from Trial 3 
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were separated from the rest of the data and may be the result of the type of tissue 
collected during those stages, which was sufficiently different from the other groups.  The 
biplots from the UT and LT tissue also appear to demonstrate similar distributions of data, 
however the fatty acids characterizing each trial or carcass group are different, except for 
stearic acid being correlated to the remains stage.  The biplots created from the earlier 
decomposition stages differed between the UT and LT tissue, and thus the similarities in 
the distribution of data from these later stages may indicate that the differences between 
the UT and LT fatty acid distributions were less significant in the dry and desiccated 
tissue.       
    Based on the PCA results, none of the fatty acids detected can sufficiently 
characterize each decomposition stage, suggesting that using fatty acids from adipose 
tissue as forensic biomarkers may not be useful in estimating PMI.  Nonetheless, the 
amount of cis-oleic and linoleic acids significantly decreased over time, while the amount 
of stearic acid significantly increased (predominantly in the inclusion carcasses) which 
may serve as useful information during late decomposition.  Currently, the methods 
employed for estimating PMI are limited to early stages of decomposition, and an 
objective method that is useful during the later stages would prove valuable.  However, 
before the data in the current study can be applied to criminal cases, research with 



















During decomposition, the conditions under which carcasses decompose affect the 
overall process of decay.  Although carcasses are typically colonized by insects during 
decomposition, there is potential for insects to be largely inhibited or absent altogether, 
which will inadvertently affect the resulting decay process.  This study was successful in 
limiting the entry of insects in all three trials (Trials 2-4) and in completely excluding 
insects during Trials 3 and 4.  Successfully excluding insects throughout decomposition 
provided a more thorough understanding of the rate of decay and the physical changes 
that carcasses undergo in the partial and complete absence of insects.  When insects were 
partially and completely excluded from insects, the rate of decay was noticeably reduced 
and the visible characteristics differed from carcasses decomposing in the presence of 
insects. These carcasses also passed through different decomposition stages than the six 
stages outlined by Payne (1965) (i.e.: fresh, bloat, active decay, advanced decay, dry, and 
remains).  Neither of the exclusion groups passed through the active decay stage, which 
resulted in a greater retention of soft tissue.  The large amount of soft tissue present on the 
carcasses also prevented the onset of the dry and remains stages, otherwise observed in 
carcasses decomposing in the presence of insects.  As a result, five new stages were 
proposed to more accurately characterize partially excluded carcasses: fresh, bloat, 
localized tissue removal, dry decomposition, and desiccation.  Four stages were proposed 
to describe decomposition of carcasses completely excluded from insects: fresh, bloat, 
deflation, and dry decomposition.   
7.1 Decomposition Fluid 
 Decomposition fluids were collected from each carcass every experimental day 
they were present, until fluids were no longer being released from the inclusion group.  
211 
 
Limited work has been conducted using decomposition fluids because it is believed to be 
a challenging matrix to work with, since it a complex chemical mixture.  It is also a 
difficult decomposition product to collect since most research is conducted on carcasses 
decomposing on the soil surface.  This study was capable of collecting decomposition 
fluid from each carcass to investigate its chemical properties and how these are affected 
by the presence and partial or complete absence of insects.  Differences were observed in 
the properties exhibited by the fluids between groups, caused by the feeding of insects 
and the amount present on the carcasses.  The presence of insects caused the fluids to turn 
brown, which was likely the result of the mixture of liquefied tissues and maggot wastes 
with purged fluid.  The fluid collected from the complete exclusion carcasses maintained 
its red colour for most of decomposition and then turned brown, possibly due to 
microorganism activity within the carcasses.   
 The pH of the fluid collected was initially neutral and similar trends were 
observed in all carcass groups during the early stages of decomposition.  The pH values 
diverged between groups once insects gained access, which caused the pH to increase in 
the insect included carcasses.  This can be caused by the production of ammonium from 
the feeding maggots.  Following the insect feeding stages, the pH levels decreased, while 
the levels from the complete exclusion carcasses increased to the same values exhibited 
by the other groups.   
 The conductivity measurements during the early stages of decomposition 
increased across all carcass groups.  The trends in conductivity differed once insects 
gained access, causing the levels to decrease among the inclusion and partial exclusion 
groups, while the levels from the complete exclusion carcasses remained high.  The 
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conductivity measurements likely decreased in the insect accessed groups as a result of 
the consumption of electrolytes by bacteria for energy, which were brought to the 
carcasses by insects.   
The trends observed from the spectroscopic data yielded inconsistent results 
between trials.  This indicates that lipid degradation results obtained from decomposition 
fluid analysed via spectroscopic methods may not be suitable biomarkers to aid in the 
estimation of PMI.  Although insects had no effect on the levels of fatty acid salt bands 
detected, their effect on the levels of saturated fatty acid C=O and unsaturated fatty acid 
C=C stretching bands is unclear.   
 FAME results obtained using GC-MS analysis offered both qualitative and 
quantitative data, for specific fatty acids.  The fatty acids detected from decomposition 
fluid indicated that hydrogenation had only taken place in the inclusion carcasses 
following the advanced decay stage.  Evidence that hydrogenation had taken place in the 
partial and complete exclusion groups was absent, indicating that insects may accelerate 
the rate of lipid degradation when present in large numbers.  Consistent increasing or 
decreasing trends were not observed in the fatty acids detected in any of the trials, which 
may indicate that the fatty acids may not represent those originating entirely from the 
fluid; they are likely also originating from liquefied tissue, insect wastes, and/or being 
consumed by insects.  This would explain the inconsistencies observed in the amounts of 
fatty acids throughout decay.  As a result, the use of fatty acids as a biomarker in 
decomposition fluid to estimate PMI is not advised, as no clear trends were detected 
among fatty acids that would accurately indicate the time since death.   
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 Significant differences in the amounts of fatty acids detected between groups were 
observed in each of the fatty acids in each trial, however the post-mortem intervals when 
these were observed were not consistent between fatty acids or trials.  Nonetheless, the 
differences indicate that insects play a role in the degradation of fatty acids, particularly 
as most of these differences were observed during the active decay and localized tissue 
removal stages.  Therefore, insects may accelerate the rate of degradation of fatty acids, 
leading to increased levels, or they may consume fatty acids, and lead to decreased levels 
in decomposition fluid.        
 PCA displayed clustering of carcass groups in the fresh and bloat stages in each 
trial.  Each cluster was characterized by a different fatty acid which clearly defined the 
early stages of decomposition, however the fatty acids were different for each trial.  This 
indicates that there are inconsistencies in the fatty acids detected from the carcasses in 
each trial, which was likely caused by different diets between years.  Fewer clusters were 
observed among the active decay, localized tissue removal, and deflation stages, which 
further indicates that insects play a role in the proportions of fatty acids detected in 
decomposition fluid.  Separation between the advanced decay and dry decomposition 
stages occurred for fatty acids with different levels of saturation: UFAs discriminated the 
advanced decay carcasses, while SFA discriminated the dry decomposition carcasses.  
This may have been caused by hydrogenation, which would have led to an earlier 
decrease in the levels of UFAs among the inclusion carcasses, compared to the exclusion 
carcasses.  No trends were observed from the dry and remains stages because the fluid 
was not representative of the fatty acids purged from the carcasses during this time.  
Overall, these results illustrate that the use of fatty acids from decomposition fluid would 
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not be effective biomarkers to estimate PMI, but further research on decomposition fluid 
should be conducted to confirm these results.        
7.2 Soft Tissue  
 Soft tissue from both the upper and lower torso was collected from carcasses each 
experimental day in each trial until tissue was no longer available from the inclusion 
carcasses.  The soft tissue results obtained from this study revealed differences between 
carcass groups that were caused by the activity of insects and provided a more thorough 
understanding of the lipid degradation process.  pH measurements were collected and 
compared between groups and FAMEs were extracted from each sample and analysed by 
GC-MS.  The upper and lower torso tissue samples were analysed separately, because 
they exhibited significant differences from one another.   
 The pH measurements conducted on the tissue samples revealed similar trends 
between groups during the early stages of decomposition, but once insects began feeding, 
the trends diverged.  The soft tissue pH increased in the carcasses colonized by insects, 
which was likely caused by the ammonium produced from the maggots.  During the later 
stages of decomposition, the soft tissue pH from the insect inclusion groups decreased 
and may have been caused by the lack of fat remaining on the dried tissue or the release 
of hydrogen and organic acids as the maggots fed and degraded the tissues.  The 
abundance of maggots present also influenced the magnitude of the resulting pH increase 
and decrease. 
 Significant differences in the amount of fatty acids detected between groups were 
observed during the insect activity stages, however the trends were not consistent between 
fatty acids and thus it is unclear what role insects play in the lipid degradation process 
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while they are present on the carcass.  They did, however, accelerate the rate of 
hydrogenation (i.e. decrease the proportion of unsaturated fatty acids, while increasing 
their saturated counterparts), which was predominantly evident in the inclusion group.  
Insects accomplished this by either removing large amounts of tissue, or by contributing 
microorganisms that subsequently aided in the degradation of fatty acids.  Evidence of 
hydrogenation was observed by an increase in the amount of SFA, such as palmitic and 
stearic acids, and a decrease in the amount of UFAs, such as palmitoleic, oleic, and 
linoleic acids, in the inclusion group.  These trends were also observed in the partial 
exclusion groups, but to a lesser degree; hydrogenation was not observed in the complete 
exclusion carcasses.  These trends were only observed during advanced decay or the dry 
stages.   
 Oleic acid was the dominant fatty acid detected at the beginning of each trial, in 
each tissue type.  In Trials 2 and 3, linoleic acid was the second most abundant fatty acid, 
which has not previously been observed in studies investigating fatty acids in porcine 
tissue.  Linoleic acid cannot be synthesized by the body and must be acquired through the 
diet.  The pigs in Trials 2 and 3 must therefore have been fed a diet high in linoleic acid, 
since high levels were detected in their soft tissue.  Palmitic acid was the second most 
abundant fatty acid in Trial 4, which is more commonly observed in porcine tissue.  These 
pigs were therefore fed a different diet than those in Trials 2 and 3.  The different diets 
affected the PCA biplots created from the fresh and bloat stage data.  Distinctions were 
made between Trials 2 and 3 and Trial 4, whereby Trials 2 and 3 were correlated with 
linoleic acid and Trial 4 was correlated with palmitic acid. 
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 The PCA biplots also revealed differences between groups during the later stages 
of decomposition, based on the rate of decay.  Carcasses from trials that did not reach the 
last stage in their respective decomposition process (i.e. remains stage in the inclusion 
group and desiccation in the partial exclusion group) were more closely related than 
carcasses from trials that did.  The duration of the decomposition stages therefore 
influenced the proportion of fatty acids detected from each stage.  However, fatty acids 
characteristic of each stage were not detected, suggesting that fatty acids may not serve as 
useful biomarkers of decomposition and thus in the estimation of PMI.   
7.3 Future Considerations  
This study was conducted in Oshawa, Ontario, and each trial proceeded over the 
course of approximately four months.  The length of the study was thus limited by 
seasonal temperatures experienced during this time.  Environmental conditions have 
significant effects on the decay process and studies investigating decomposition in the 
presence and partial and complete absence of insects should be conducted to verify that 
the proposed decomposition stages are applicable to carcasses in a variety of 
environments and geographic locations.  These stages can subsequently be used to 
characterize carcasses in criminal investigations upon discovery, even when they have 
been partially or completely excluded from insect activity.   
   Forensic taphonomy and decomposition chemistry are relatively new fields and 
much research still needs to be conducted to fully understand the chemical processes 
involved.  This study was able to determine that insects influence the pH and conductivity 
and that they accelerate the lipid degradation process in fluid and soft tissue.  However, it 
is largely unknown exactly how they impart changes on these decomposition products.  
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Future studies should investigate the nutrients consumed by insects, more specifically, the 
proportion of fatty acids obtained from the tissues they feed on, in an attempt to 
understand how they influence the abundance of fatty acids when they are present on 
carcasses.  The microorganisms that ovipositing flies bring to carcasses, as well as those 
contributed by maggots, should be further examined to gain a better understanding of 
whether the additional microorganisms influence the rate of lipid degradation.     
Studies investigating the lipid degradation pathways in humans should also be 
conducted to ensure that the proportions of fatty acids detected from decomposition fluid 
and/or soft tissue accurately reflect those that would be observed in criminal cases.  In 
order for fatty acids to be used as biomarkers to estimate PMI, accurate and relevant data 
are required.  While studies on pig carcasses, like the current study, provide valuable 
information and insight into the lipid degradation process, research has shown that the 
proportion of fatty acids in pigs and humans are significantly different and thus more 
studies should utilize human cadavers when performing research investigating the 
degradation of macromolecules.   
The use of chemical biomarkers from decomposition products to estimate PMI 
would be an objective method that could be utilized during the later stages of 
decomposition.  Currently, the methods employed to estimate PMI are subjective and are 
most accurate during the early stages of decomposition.  The aim of this study was to 
determine whether fatty acids detected from decomposition fluid and soft tissue would 
provide information that would indicate their utility as forensic biomarkers, however no 
characteristic fatty acids were identified.  This, however, does not negate their potential to 
estimate PMI.  More in depth research should be conducted to thoroughly examine the 
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trends displayed by individual and groups of fatty acids.  It is possible fatty acid 
proportions may be used in conjunction with other analyses or that mathematical 
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Appendix A: Individual fatty acid trends detected from fluid during Trial 2 
 
 
Figure A1: Percent abundance of myristic acid detected from fluid in the inclusion and partial exclusion groups during Trial 2  
  



























Figure A2: Percent abundance of palmitic acid detected from fluid in the inclusion and partial exclusion groups during Trial 2  
 
Figure A3: Percent abundance of palmitoleic acid detected from fluid in the inclusion and partial exclusion groups during Trial 2 

















































Figure A4: Percent abundance of stearic acid detected from fluid in the inclusion and partial exclusion groups during Trial 2 
 
Figure A5: Percent abundance of linoleic acid detected from fluid in the inclusion and partial exclusion groups during Trial 2 













































Figure A6: Percent abundance of cis-oleic acid detected from fluid in the inclusion and partial exclusion groups during Trial 2 
 
Figure A7: Percent abundance of trans-oleic acid detected from fluid in the inclusion and partial exclusion groups during Trial 2 












































Appendix B: Individual fatty acid trends detected from fluid during Trial 3 
 
 





































Figure B2: Percent abundance of palmitic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 3 
 
Figure B3: Percent abundance of palmitoleic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 3 


















































Figure B4: Percent abundance of stearic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 3 
 
Figure B5: Percent abundance of linoleic acid detected from fluid in the inclusion, partial, and complete exclusion of insects during Trial 3 



















































Figure B6: Percent abundance of cis-oleic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 3 
 
Figure B7: Percent abundance of trans-oleic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 3 















































Appendix C: Individual fatty acid trends detected from fluid during Trial 4 
 
 



































Figure C2: Percent abundance of palmitic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 4 
 
Figure C3: Percent abundance of palmitoleic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 4 



















































Figure C4: Percent abundance of stearic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 4 
 
Figure C5: Percent abundance of linoleic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 4 

















































Figure C6: Percent abundance of cis-oleic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 4 
 
Figure C7: Percent abundance of trans-oleic acid detected from fluid in the inclusion, partial, and complete exclusion groups during Trial 4 


















































Appendix D: Results from the statistical analysis performed between the upper 
and lower torso tissue  
 
Table D1: One way repeated measures ANOVA results between the upper and lower torso tissue in each 
carcass during Trial 2 (pigs 1-3= partial exclusion, 4-6= inclusion) 
Pig Linoleic Myristic Oleic (cis) Palmitic Palmitoleic Stearic 












2 P< 0.05 
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.05 




Stat sig diff 
P< 0.001  
Stat sig diff 
3 P< 0.05 
Stat sig diff 
P< 0.05  
Stat sig diff 
P< 0.001  
Stat sig diff 
P= 0.082  
 
P< 0.05  
Stat sig diff 
P< 0.05  
Stat sig diff 
4 P= 0.355  
 
P< 0.05  
Stat sig diff 





Stat sig diff 
P< 0.05  
Stat sig diff 
5 P< 0.05  
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.001  
Stat sig diff 
P= 0.142  
 
P< 0.001 
Stat sig diff 
P< 0.05 
Stat sig diff  
6 P< 0.05  
Stat sig diff 
P< 0.001  
Stat sig diff 
P< 0.05  
Stat sig diff 
P= 0.372 
 
P< 0.001  




Table D2: One way repeated measures ANOVA results between the upper and lower torso tissue in each 
carcass during Trial 3 (pigs 1-2= partial exclusion, 3= complete exclusion, 4-6= inclusion)  
Pig Linoleic Myristic Oleic (cis) Palmitic Palmitoleic Stearic 
1 P< 0.05 








Stat sig diff 
P= 0.056  
 
2 P= 0.247 
 
P< 0.05 
Stat sig diff 
P< 0.05 
Stat sig diff 
P< 0.05 
Stat sig diff 
P< 0.001 
Stat sig diff 
P= 0.285 
 
3 P< 0.05 




Stat sig diff 
P< 0.05 





4 P< 0.05 
Stat sig diff 
P< 0.05  
Stat sig diff 








5 P< 0.05 
Stat sig diff 
P< 0.001 




Stat sig diff 
P< 0.05 
Stat sig diff 
P< 0.05 
Stat sig diff 
6 P< 0.001 
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.05 









Table D3: One way repeated measures ANOVA results between the upper and lower torso tissue in each 
carcass during Trial 4 (pigs 1-2= partial exclusion, 3= complete exclusion, 4-6= inclusion)  
Pig Linoleic Myristic Oleic (cis) Palmitic Palmitoleic Stearic 





Stat sig diff 
P= 0.366 
 




2 P< 0.001 
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.001  
Stat sig diff 
P< 0.05 
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.001  
Stat sig diff 
3 P= 0.069 
 
P< 0.05  
Stat sig diff 
P< 0.05 




Stat sig diff 
P= 0.213 
 
4 P< 0.05 
Stat sig diff 
P< 0.001  
Stat sig diff 
P< 0.05  
Stat sig diff 
P< 0.05 
Stat sig diff 
P< 0.05 
Stat sig diff 
P< 0.001 
Stat sig diff 
5 P< 0.05 
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.001 
Stat sig diff 
P= 0.057  
 
P< 0.001 
Stat sig diff 
P< 0.001  
Stat sig diff 
6 P< 0.05  
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.05 
Stat sig diff 
P< 0.05 
Stat sig diff 
P< 0.001 
Stat sig diff 
P< 0.001 
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